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ABSTRACT

In this study, a one-dimensional theoretical model for subcritical flows in open 

channel junctions is developed. These junctions are encountered in open channel 

networks; typical examples include conveyance structures in urban water treatment 

plants, irrigation and drainage canals and natural river systems. In addition to the external 

boundary conditions for the whole network and the interior conservation equations (St. 

Venant equations) for each computational channel segment, a set o f  compatibility 

relationships or interior boundary conditions is also required for each junction.

Currently, most numerical models o f  open channel networks provide the required 

equations by applying mass and energy conservation principles at the junctions. Since 

energy losses and differences in velocity heads are difficult to evaluate, the interior 

boundary conditions may simply diminish to the equality o f water surface elevations and 

the continuity o f  discharge. Thus, physical effects considered significant enough to be 

included in the channel reaches o f these network models are neglected when handling the 

junctions. Further, equality o f the water surface elevations may be unrealistic for dynamic 

unsteady flow applications such as ice jam  release surges or dam break floods in tributary 

channels as well as abrupt gate closure in irrigation networks.

The purpose o f  this study is to provide a framework that leads to an improved set 

o f internal boundary conditions, consistent with the level o f approximation embodied in 

the St. Venant equations. Thus, it can be incorporated as an enhancement in the current 

open channel network models. The proposed model is based on applying the momentum
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principle together with mass continuity through the junction. Two control volumes are 

considered: one for the main channel flow, and the other for the lateral channel flow. The 

control volumes are bounded by streamlines such that there are no lateral mass fluxes. 

Conservation o f  longitudinal momentum is applied to each control volume in the 

respective streamwise directions. An attempt to model all the interacting forces between 

the two control volumes and the separation zone shear forces for the combining and the 

dividing junctions is performed. The weight component in the direction o f the slope and 

the boundary friction force are accounted for in the analysis.

Predictions based on the proposed approach are shown to compare favourably 

with existing experimental data. Comparisons with previous theories, and conventional 

junction modelling approaches showed that the proposed model predictions were either 

as good as the other theories or rather superior. The main advantage o f  the proposed 

model is that application o f the momentum principle in the streamwise direction makes 

handling o f  the junctions dynamically consistent with that o f the channel reaches in a 

network model. Including the boundary friction force in the model allows the model to be 

scaled up to real world applications. Eventually, with the addition o f terms for storage o f 

mass and momentum, the model can be extended to unsteady dynamic junction flow 

situations.
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NOTATION*

Symbol D escription

A average area o f cross section (L2);

a aspect ratio;

B pressure force due to change in control volume width (M L T 2);

b width o f channel (L);

C centrifugal coefficient;

Cf shear coefficient;

C» Chezy coefficient;

c Law’s (1965) contraction coefficient for the lateral channel

separation zone;

db incremental change in the width o f  the control volume (L);

ds incremental distance in the streamwise direction [3,4] (L),

length o f the channel segment in the streamwise direction [5] (L); 

dy depth increment on the dividing stream line (L);

dz difference in bed elevation for the control volume (L);

Fr Froude number;

Fb boundary friction force (M L T 2);

Fs separation shear force (M LT2);

Fc centrifugal force (MLT'2);

g  gravitational acceleration (L T 2);

h width o f separation zone (L);

I upstream junction point;

Kc conveyance ratio;

K  coefficient o f the interfacial shear;

K  separation zone shear coefficient;

k Taylor’s (1944) kineticity coefficient;

Kj\ main channel separation zone coefficient;

* The number in the square brackets [ ] denotes relevant chapter number
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Kj2 lateral channel separation zone coefficient;

L length o f the control volume (L);

L, length o f the interface between the two control volumes (L);

Ls length o f  the separation shear interface (L);

M  water mass in the lateral channel control volume (M);

m downstream limit o f the control volume in streamwise direction;

n upstream limit o f the control volume in streamwise direction [3,4],

power o f the discharge in the rating curve equation [5];

P  hydrostatic pressure force (MLT'2);

Q  discharge (L T 3);

r  radius o f  curvature (L);

Re Reynolds number;

S  shear force on the interface between the two control volumes

(M L T 2);

S0 ground slope;

shear velocity (L T 1);

V mean velocity (L T 1);

Vs shear velocity along the separation zone interface (L T 1);

W  component o f  the weight of water in the control volume in the

direction o f the slope (M L T 2); 

w width o f the control volume (L);

.r control volume length magnification factor;

y water depth (L);

y, water depth along the interface between the two control volumes

(L);

y n normal depth o f flow (L);

y5 water depth along the separation zone interface (L);

a  energy correction coefficient;

P  momentum correction coefficient;

S  junction angle;

t,i> Gurram ’s (1994) pressure coefficient;
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/

K

n

p

ra

co

Subscripts

1

2

3

/

r

specific weight o f  water;

Webber and Greated’s (1966) empirical coefficient to extend their 

theory to different angles;

depth ratio ( rj\) ratio o f the main channel upstream depth to the 

main channel downstream depth and (rji) ratio o f the lateral 

channel depth to the main channel downstream depth; 

density (M L'3);

boundary shear stress (ML 'T '2);

width ratio, (co\) ratio o f the main channel upstream width to the 

main channel downstream width and (eoi) ratio o f the lateral 

channel width to the main channel downstream width; 

discharge ratio, ratio o f the lateral channel discharge to the total 

discharge.

main channel upstream section for section parameters (A . a, b, Fr, 

Q, y, F), main channel control volume for control volume 

parameters (L, dz, B, Fh, F ,);

lateral channel section for section parameters (/I, a , b, Fr, Q, y, V, 

Kc), lateral channel control volume for control volume parameters 

(L , dz, B, Fh, Fs)\

main channel downstream section;

left vertical side o f  rectangular channel section with respect to a 

viewer looking downstream;

right vertical side o f rectangular channel section with respect to a 

viewer looking downstream.
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C hapter I 

Introduction

1.1 General

Open channel networks are often encountered in water resources engineering. 

Typical examples include conveyance structures in urban water treatment plants, 

irrigation and drainage canals, and natural river systems. These networks are composed 

o f channel segments and junctions where two or more channels intersect. The junctions 

are either combining streams (confluences) when two or more channels join to form a 

single channel or dividing flows (deltas) when one stream splits into two or more 

streams. The solution o f the network problem involves determining the discharges and 

the water surface elevation at each cross section along the network. In addition to the 

external boundary conditions for the whole network and the interior conservation 

equations (St. Venant equations) for each computational channel segment, a set o f 

compatibility relationships or interior boundary conditions is also required for each 

junction.

The difficulty o f providing a set o f interior equations to model junction flow is 

mainly due to the relatively large number o f  parameters involved and the complex flow 

features occurring at the junctions. The angles o f  intersection, the widths o f the channels 

and the directions o f flow can be combined in a multiplicity o f ways so as to make a 

complete experimental investigation quite prohibitive. Further, the flow at the junctions is 

usually associated with regions o f mean velocity gradients, depth-varying surfaces o f 

flow division and separation, vortices, and recirculation zones.

1
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In the case o f  a subcritical combining junction, considered in isolation, the 

boundary conditions specified are the inflow discharges and a downstream boundary 

condition that can be either a fixed depth or a rating curve. The problem is to predict the 

depth in each inflow channel just upstream o f the junction. For subcritical dividing 

junctions, the inflow discharge is usually specified as the upstream boundary- condition 

and either fixed depths or rating curves are specified for the downstream channels. The 

problem in this case is to determine the discharge split between the two outflow channels.

Currently, most numerical models o f open channel networks provide the required 

equations by applying mass and energy conservation principles at the junctions (default 

method in HEC-RAS (US Army Corps o f Engineers, 2001)). Since energy losses and 

differences in velocity heads are difficult to evaluate, the interior boundary conditions 

may simply diminish to the equality o f water surface elevations and the conservation o f 

mass, as in the One Dimensional Hydrodynamic Model (Environment Canada, 1988), 

Mike 11 model (Danish Hydraulic Institute) and Chaudhry (1993). Thus, physical effects 

such as gravity and bed friction, which are included in the channel reaches o f these 

network models, are neglected when handling the junctions. These effects become 

relatively more important as horizontal scales increase relative to vertical scales. Further, 

equality o f  the water surface elevations may be unrealistic for dynamic unsteady flow 

applications such as ice jam  release surges or dam break floods in tributary channels as 

well as abrupt gate closure in irrigation networks (Garcia Navarro (1992)).

Taylor (1944) presented the first study that addressed the problem of open 

channel junctions. He proposed a theoretical approach based on mass and momentum 

conservation for the combining junction problem. He performed experiments to verity his

">
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theory. Taylor (1944) also presented a graphical solution for the dividing flow problem. 

Since then, a considerable amount o f work on open channel junctions has been published. 

Most theories have relied on momentum. However, none o f  the existing momentum 

based theoretical approaches for solving the junction problem (e.g Taylor, 1944) is 

employed into the numerical models o f open channel networks. This may be due to the 

inconsistency o f  these theories with the treatment o f the channel segments in the network 

models and because o f the assumptions associated with these theories that may be 

unrealistic for real world cases.

The purpose o f this study is to provide a framework that leads to an improved set 

o f  internal boundary conditions, consistent with the level o f approximation embodied in 

the St. Venant equations. Thus, it can be incorporated as an enhancement in the current 

open channel network models. A one-dimensional theoretical model for the case o f 

steady subcritical open channel junction flows is introduced. The proposed model is 

based on applying the momentum conservation principle together with mass conservation 

through the junction. Two control volumes are considered: one for the main channel 

flow, and the other for the lateral channel flow. The control volumes are bounded by 

streamlines such that there are no lateral mass fluxes. Conservation o f longitudinal 

momentum is applied to each control volume in the respective streamwise directions. An 

attempt to model all the interacting forces between the two control volumes and the 

separation zone shear forces for the combining and the dividing junctions is performed. 

The weight component in the direction o f the slope and the boundary friction force are 

accounted for in the analysis. Including the boundary friction force in the model and 

applying the momentum in the streamwise direction allows the model to be scaled up to

3
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real world applications and makes the handling o f  the junctions consistent with that o f  the 

channel reaches. Eventually, with the addition o f  terms for storage o f mass and 

momentum, the model can be extended to unsteady dynamic junction flow situations.

1.2 Organization of the Thesis

In this thesis the development o f  two theoretical models, handling combining and 

dividing junctions respectively, is presented. Each model is introduced in a separate 

chapter. The implementation o f the two models into an open channel network is 

presented in another chapter. Following is a b rief introduction to each chapter.

Chapter 2 presents a review o f the previous theoretical, experimental and 

numerical investigations related to open channel junctions. The chapter is divided into 

four sections. The first section reviews all previous work done on combining junctions. 

The second section includes all previous studies on dividing junctions. The third section 

presents some numerical studies on open channel networks and the approaches for 

handling junctions in these models. The last section presents a critique for all these 

previous studies.

Chapter 3 presents the theory upon which the combining junction model is based. 

The attempts to model all o f  the forces involved are explained. The final form o f the 

governing equations and the solution procedure is presented. Calibration o f the associated 

coefficients and validation o f  the results are discussed. Comparisons between the 

proposed theory and the current treatment for junctions in open channel network models 

that apply conservation o f  energy, as well as previous momentum based theoretical 

approaches, are presented.

4
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Chapter 4 presents the development o f the theoretical model providing the interior 

boundary conditions for dividing junctions. Modeling the different forces accounted for 

in the analysis is included. The dependence o f the coefficients, associated with these 

forces, on the flow parameters is discussed. The model validation through comparison 

with the experimental measurements from previous studies is included. Comparison with 

previous momentum theories and the advantages o f  the proposed approach over these 

theories are presented. Further, the comparisons between the model results and the 

currently used energy approaches that handle dividing junctions in numerical network 

models are illustrated.

Chapter 5 presents two applications for the theoretical models developed in 

Chapters 3 and 4. The first application illustrates the use o f the dividing junction flow 

model to determine the discharge split through a design chart. In the second application, 

the implementation o f the two junctions’ models into an open channel network is 

presented. Two examples are given: an irrigation network system and a river cutoff. The 

significance o f  including the different coefficients associated with the proposed models is 

assessed. Applications comparing the proposed momentum approach with the energy 

approaches are presented.

Chapter 6 presents a general discussion o f the main contributions o f  the 

theoretical models presented in Chapters 3 and 4. A brief summary o f each model and 

suggestions for future research are given.

5
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Chapter 2 

Literature Review

2.1 Introduction

This chapter includes four sections. Section 2.2 discusses combining open channel 

junction flows. Previous theoretical and experimental studies are presented. The problem 

o f dividing open channel junction flows is explained in section 2.3. Previous theoretical 

attempts to solve this problem and experimental investigations are illustrated. Section 2.4 

presents the combination o f the combining and the dividing flow problems into open 

channel network models. Previous numerical approaches for solving a whole network of 

open channels and their treatment for the junctions are discussed. Section 2.5 presents a 

brief summary o f the critical comments made in the literature review and have inspired 

the present work.

2.2 Combining Open Channel Junctions

The problem o f combining open channel junction flows occurs when two or more 

streams combine to form a single channel. For subcritical flow situations, the outflow 

depth o f a junction, considered in isolation, is set by the backwater effects o f the 

downstream channel or possibly by a critical condition. The inflow discharges must be 

known. The problem is to predict the depth just upstream o f the junction in each o f the 

inflow channels. This problem has a direct application in river confluences, irrigation and 

drainage systems and urban water treatment plants.

7
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2.2.1 Subcritical Combining Flow Studies

Taylor (1944), Webber and Greated (1966), Gurram (1994) and Hsu et al. (1998) 

proposed theoretical models to solve for the upstream depths for subcritical open channel 

junction flows. They also performed experiments to verify their theories. The 

experimental work in each of these studies was performed on horizontal rectangular 

channels o f equal width and turbulent flows. A detailed description o f the work done in 

these four studies will be presented in the following discussion.

Fig. 2.1 shows the geometric configuration o f the junctions considered in these 

studies where the subscripts 1 and 3 refer to the main channel upstream and downstream 

sections, respectively, and the subscript 2 refers to the lateral channel upstream section. 

Table 2.1 shows the experimental details for these studies where: b, v, Q, g, S, Re, and Fr 

are the width, depth, discharge, discharge ratio (g=Qi/Qi), junction angle, Reynolds 

number and Froude number, respectively. Where the specified data was not explicitly 

mentioned in the published materials, N/A was indicated in the corresponding table cell.

Taylor (1944) performed the first study on open channel junction flows. In his 

theoretical analysis, Taylor (1944) applied the momentum equation in the main channel 

direction together with overall mass conservation to the junction. He assumed that: (1) 

the flow was parallel to the channel walls immediately upstream and downstream o f the 

junction; (2) the wall friction was negligible; and (3) the inflow depths in the main and 

the lateral channels were equal immediately upstream o f the junction. Taylor (1944) also 

assumed that the depths o f the main and the branch channels at their junction are the 

same and thus compensated for the lateral channel wall pressure component by the

8
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longitudinal hydrostatic pressure component in the lateral channel. Taylor (1944) 

developed the following dimensionless equation:

k , = — r r-------\ ( 7 ~ ~ 1) --------- 1 (2.1)
4r/* [ 2 c - ^ ‘ (l + co sd ')+ 7 - l j

where kz is a kineticity coefficient which is equal to the ratio o f the velocity head to the

depth in the lateral channel, {.kz=Vz~flgyz, where Vz is the mean velocity in the lateral

channel and g  is the gravitational acceleration), and q  is the ratio o f the depth upstream o f

the junction to that in the downstream channel.

Taylor (1944) conducted his experiments in a small rectangular flume with a 

width o f  101.6 mm and a maximum depth o f 101.6 mm. Point gauges were used to 

measure the water surface elevations and calibrated diaphragm orifices were used to 

measure the flow rates. The water surface elevation was controlled by adjustable gates at 

the downstream ends. The experimental details are presented in Table 2.1.

Taylor (1944) presented his results in the form o f plots o f the depth ratio, q, 

versus the lateral channel kineticity coefficient, kz, for different discharge ratios, 

g=Qz!Qi, and different angles o f  intersection, S. Taylor (1944) found that his theory was 

in agreement with his experimental data for the 45° intersection. However, poor 

agreement was noted for the 135° junction. He attributed this to the distortion o f  the 

velocity distribution downstream o f the junction and to the fact that the flow was not 

parallel to the channel walls (as assumed in the theory).

In his discussion on Taylor's (1944) paper. Palmer (1944) suggested approaching 

the problem o f combining open channel flows from the standpoint o f  loss o f energy 

rather than the change o f  momentum. He recommended splitting the problem into two
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parts, the first pertaining to the losses occurring in the main channel due to turbulence 

and contraction and the second pertaining to the lateral channel losses due to turbulence 

and deflection. Palmer (1944) mentioned that the constants used in his method could be 

determined experimentally. Hickox (1944) pointed out that the compensation o f the 

pressure component in the lateral channel by the longitudinal component is o f doubtful 

validity since it assumes that the pressure on the wall o f the lateral channel is equal to the 

hydrostatic pressure o f  still water at the same depth. Hickox (1944) mentioned that at the 

junction the flow might not be parallel to the wall but rather curved and thus, the pressure 

might not be hydrostatic. He suggested that the unknown component o f  the pressure in 

the lateral channel might be evaluated from experimental data. Hickox (1944) also 

recommended the measurement o f the pressures on the walls o f the lateral channel by 

means o f piezometers. Stevens (1944) declared that Taylor’s (1944) assumptions that the 

upstream depths were equal and that the depth along the wall o f the branch channel 

remained constant were incorrect as

“the water never had a uniform velocity' distribution."

Webber and Greated (1966) re-examined Taylor’s (1944) theoretical approach. 

They employed Taylor’s (1944) assumptions and developed their equation in terms of the 

lateral channel Froude number, Frz, instead o f the kineticity coefficient, kz. Webber and 

Greated (1966) also employed conformal mapping to design a 90° junction with a curved 

wall profile where there were little or no energy losses.

In their experimental work, Webber and Greated (1966) extended Taylor’s (1944) 

investigation to include three additional angles o f intersection (30°, 60°, and 90°) and two

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



additional discharge ratios (as shown in Table 2.1). They measured the flow depths and 

the velocity distributions at two cross sections in the main channel, upstream and 

downstream o f the junction, respectively. These sections were chosen to be beyond the 

surface disturbances created at the junction. Then, Webber and Greated (1966) adjusted 

their depth measurements to eliminate the frictional resistance effect. They calculated a 

“correction depth’ by using the Blasius formula. This correction depth was subtracted 

from their measured upstream depths and was added to those depths in the downstream. 

Webber and Greated (1966) followed Hickox’s (1944) suggestion and measured the 

pressure distribution by drilling piezometer tappings along the sidewalls o f the junction at 

different depths above the bed.

Webber and Greated (1966) presented their results as plots o f the non-frictional 

depth ratio, 7 , against the downstream Froude number. Frj, for the different discharge 

ratios, c, and the different junction angles, <$, and compared their theory with their 

experiments. They noted that their observed values for the depth ratio, 7 , for a given 

downstream Froude number, Fr3, were less than their theoretical values, and that the 

discrepancy increased with the increase in discharge ratio. W ebber and Greated (1966) 

noted that the discrepancies were too great to be accounted for by experimental error and 

thus they checked the assumptions made while developing the theoretical expressions. 

They found out that the assumption o f equal depths in the approach channels and that o f  

uniform velocity distributions were reasonable. However, the assumption o f 

compensating the pressure on the lateral channel sidewalls by the longitudinal hydrostatic 

pressure in the lateral channel was less satisfactory. They attributed the agreement 

between the theory and the experiments for the 45° junction in Taylor’s (1944) study to

1 1
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“the fa c t that the two assumptions o f  negligible boundary friction and  

uniform hydrostatic pressure along the lateral channel had the effect o f  

cancelling each other out".

Webber and Greated (1966) used their wall pressure measurements to modify their theory 

and added an empirical coefficient in terms o f  the discharge ratio and the junction angle. 

This served to bring the theoretical curves into better conformity with the experimental 

curves.

Gurram (1994) developed another theory to compute the backwater effects in 

subcritical combining junctions. His assumptions were similar to Taylor’s (1944) except 

for the first assumption o f  parallel streamlines downstream o f  the junction and the 

assumption that the pressure force on the lateral channel walls is equal to the hydrostatic 

pressure in the lateral channel. G urram 's (1944) equation included a downstream 

momentum correction coefficient and a lateral channel wall pressure ratio that were 

determined empirically.

In his experimental work Gurram (1994) examined junctions with angles similar 

to those o f  Webber and G reated’s (1966) but for different discharge ratios. He measured 

the flow depths along the main and lateral channel walls and centerlines. He also took 

measurements in the transverse direction for four cross sections within the junction. 

Three o f these sections were in the main channel: upstream o f the junction, downstream 

o f the junction, and at the vena contracta (Fig 2.1). The fourth section was at the entrance 

o f  the lateral channel. Point velocities and local flow directions at half flow depths were

12
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also measured at these sections. Gurram (1994) also determined the shape and 

dimensions o f the separation zone, by introducing dye on the water surface.

Gurram (1994) first determined the ratio o f the lateral channel wall force in the 

downstream direction to the lateral channel static force by fitting his equations with his 

experiments and found it to be independent o f the discharge ratio, g, and the downstream 

Froude number, F r3, but varied mainly with the junction angle. Then he presented his 

semi-empirical results as plots o f the depth ratio, 7 , against the downstream Froude 

number, Fr3, for the different discharge ratios, g, and the different angles, S. He compared 

his theory with Taylor’s (1944) and Webber and Greated’s (1966) experimental data. 

Gurram (1994) found that his theory agreed fairly with their data. Further, Gurram (1994) 

noted that his theory agreed with Taylor’s data for the 135° case better than Taylor’s 

(1944) own theory.

Hsu et al. (1998) applied overall mass, energy, and momentum conservation to 

the junction to compute the upstream to downstream depth ratio as well as the energy loss 

coefficient through the junction. They divided the junction into two control volumes, one 

in the main channel and the second in the lateral channel. The momentum equation was 

then applied to each o f these control volumes in the main and the lateral channel 

longitudinal directions, respectively. Energy and momentum correction coefficients for 

the different sections were included in the equations. Hydrostatic pressure distributions, 

negligible friction forces, equal upstream depths and equal upstream momentum and 

energy correction coefficients were assumed. Hsu et al. (1998) developed a third-degree
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polynomial for calculating the backwater effects as well as a function for computing the 

energy loss coefficient through the junction.

Hsu et al. (1998) also performed experiments in a 155 mm wide flume. The 

downstream Froude number, Fry, was kept approximately constant (0.59-0.62). They 

examined three junction angles (as shown in Table 2.1) with discharge ratios ranging 

between 0.092 and 0.918. Measurements o f the flow depths and velocities were taken at 

four transverse sections in the junction. Each section had 15 equally spaced vertical 

profiles. For each profile the two components o f the velocity were recorded at 8 

equidistant points. Upstream depth measurements in the lateral channel were recorded. 

Hsu et al. (1998) used their main and lateral channel depth measurements to check and 

validate their assumption that these depths were equal. Then, they presented their results 

as plots o f  the main channel depth ratio, rj\, versus the discharge ratio for the different 

angles o f intersection, S, and the limited range o f the downstream Froude numbers. Fry 

tested. They compared their theory with their experiments and found that their depth ratio 

measurements were slightly lower than their predictions.

Gurram and Karki (2000) argued that during the theoretical derivation, Hsu et al. 

(1998) cancelled out the flow deviation angle at the junction. This resulted in the usual 

momentum equation applied for the whole junction in the main channel direction. 

Gurram and Karki (2000) proved that the third degree polynomial developed by Hsu et al 

(1998) was the same as Taylor’s (1944) equation if the momentum and energy correction 

coefficients were taken to unity. They included a wall pressure coefficient in the lateral 

channel and re-derived the polynomial. Gurram and Karki (2000) compared their
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polynomial with the experimental data o f Hsu et al. (1998) and found that it was giving 

better agreement than the theory o f Hsu et al. (1998).

2.2.2 Flow Structure at Combining Open Channel Junctions

At combining open channel junctions two shear layers are formed: the first at the 

separation zone formed just downstream of the lateral channel entrance and the second 

shear layer at the interface between the converging flows (Fig. 2.1.). Many studies were 

performed to reveal the flow structure at confluences. Fujita and Komura (1988) applied 

visualization and image processing techniques to visualize the flow patterns and to obtain 

the instantaneous surface velocity distributions. They also measured the secondary flows 

by a hot wire anemometer. They found out that each converging flow yielded a three- 

dimensional separation before the confluence and created strong helicoidal flows along 

the interface between them. Weerakoon et al. (1991) investigated the three-dimensional 

flow structure in a rectangular channel confluence by measuring the two components o f 

velocity at different water levels. They noted the following flow features: 1) two 

secondary flow cells that rotated at opposite directions due to streamline curvature 

existed at the confluence; 2 ) free surface super-elevation towards the opposite bank o f the 

re-circulation zone and over the upstream comer region o f the confluence occurred; 3) 

the size o f the re-circulation zone became smaller with the distance from the free surface 

due to entrainment by the secondary flow; 4) unsteady upward swirling flow around the 

re-circulation zone that transferred momentum from the main stearr to the re-circulation 

zone; and 5) larger velocities appear near bed as a consequence o f secondary flows.
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Rhoads and Kenworthy (1995) collected longitudinal and cross stream velocity 

data at the asymmetrical confluence o f the Kaskaskia River and the Copper slough in east 

central Illinois, USA. They found that a large bar is formed along the inner bank o f the 

downstream channel. They demonstrated that the flow conditions during low flow events 

are strongly influenced by the momentum ratio o f the two incoming streams. Rhoads and 

Kenworthy (1995) concluded that a single large helical cell was formed when the 

momentum ratio o f  the lateral channel to the main channel exceeded one, and weak 

surface convergent helical cells were formed on opposite sides o f the mixing interface 

when the momentum ratio was less than one. Mosley (1976) and Best (1988) studied bed 

morphology and sediment transport at river channel confluences. They suggested that the 

salient morphological features at channel confluences are: avalanche faces at the mouth 

o f  each confluent channel, a deep central scour due to the downward flow o f the helical 

cells, and a bar within the separation zone at the downstream junction comer. Mamedov 

(1990) performed a field study for the characteristics and extent o f channel deformations. 

He also conducted laboratory experiments in which the discharges, the time averaged 

longitudinal velocities at sections before and afier the confluence and the water surface 

elevations and bed elevations were measured. The length and width o f the separation 

zone were determined as functions o f the momentum ratio and the confluence angle. 

Biron et al. (1996) performed a study to compare the turbulent flow structure at 

concordant and discordant open channel confluences. Shumate and Webber (1998) 

presented detailed measurements o f three-dimensional velocities, turbulence, and water 

surface mapping in the immediate area o f the channel junction in a large rectangular 

flume. These studies (Biron et al. (1996) and Shumate and W ebber (1998)) were focused
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on the two and three dimensional characteristics o f the flow in the junction. They were 

not employed for the verification o f the present study, as there were only a limited 

number o f runs that do not give the variation o f the depth ratios with the discharge ratio.

2 .23  Energy Losses at Open Channel Junctions

Energy losses occur at the junction o f combining open channel flows due to 

turbulent mixing and boundary friction. Lin and Soong (1979) presented an analysis to 

evaluate the energy loss in the junction. They applied the integral energy equation on a 

large control volume enclosing the junction. Manning's n was evaluated first and then 

used to compute the boundary friction loss. The losses due to turbulent mixing were 

evaluated by subtracting the boundary friction losses from the total energy losses.

2.2.4 Separation Zone Formation in Combining Junction Flows

One o f the features that develop at open channel junctions is the separation zone 

occurring in the downstream channel. The momentum o f the lateral channel ensures that 

the flow detaches itself from the side-wall as it enters the main channel leaving a 

separation o f low pressure and recirculating fluid. Best and Reid (1984) presented 

experimental data to characterize the separation zone. They related the non-dimensional 

length and maximum width o f  the separation zone to the discharge ratio for the four 

junction angles o f 15°, 45°, 70°, and 90°. Hager (1987) presented a theoretical analysis to 

determine the maximum width o f  the separation zone. He compared his theory with Best 

and Reid’s (1984) data and found it to be in good agreement except for junctions with 

angle 90°. Hager (1987) attributed this to the fact that at the lateral channel inlet section
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the flow angle did not coincide with the junction angle and that this effect was more 

pronounced for higher junction angle. Hager (1987) modified his equation to include the 

deviation in the flow angle and this improved the results for the 90° junction.

2.2.5 Unsteady Flow in Open Channel Junctions

Garcia-Navarro (1992) presented a discussion o f the unsteady flow problem 

associated with numerical simulation o f  bore propagation through junctions and a 

statement o f  its main features from the point o f  view o f a one-dimensional modelling 

approach. She showed that the usual technique o f  assuming the equality o f  the water 

levels at the junction as the internal boundary condition in network modeling was valid 

only for a few simplified cases o f low Froude numbers and was inadequate when dealing 

with bore propagation and reflections through junctions. She suggested that a suitable 

general set o f compatibility conditions related to conservation laws o f momentum and 

energy should be used.

2 J . Dividing Flow in Open Channel Junctions

For dividing junction flows, the stream splits into two branches and the problem is 

to determine the flow division. For the subcritical case the inflow discharge is provided 

and the two downstream depths are set by the backwater effects o f  the two branch 

channels. The problem is to predict the discharges in the downstream channels. 

According to Taylor (1944)

"the analysis o f  the dividing flo w  problem is considerably more difficult 

than that o f  the combining flow , fo r  the follow ing reason: In the
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combining flo w  case it was possible to assume that the depths in the 

tributary' channels were equal immediately above the junction. No 

analogous assumption is permissible in the case o f  the dividing flow ."

Such assumption may be “almost identical to assuming the solution to the 

problem."

Taylor (1944), Grace and Priest (1958) and Law (1965) presented experimental 

data for dividing junction flows. All o f  these studies were performed on rectangular 

channels with smooth boundaries, horizontal bottom slopes, and relatively small aspect 

ratios (6/v=1.5 -  3.5). Subcritical inflow conditions and Reynolds numbers ranging 

between 2,000 and 20,000 were achieved. Fig. 2.2 shows the experimental configuration 

for Taylor’s (1944), Grace and Priest’s (1958), and Law’s (1965) studies. In a similar 

manner to the combining flows, subscripts 1 and 3 indicate the upstream and the 

downstream sections o f the main channel, respectively. Subscript 2 represents the branch 

channel out flow section. Table 2.2 presents the experimental parameters in these studies 

where Q, b , a i, at> and Fr are the discharge, width, angle o f intersection, aspect ratio 

(b\/y\ where y is the depth), width ratio (b jb i)  and Froude number, respectively. The 

work done in these studies will be described in the following section.

23.1  Subcritical Dividing Junction Flow Studies

Taylor (1944) presented the first experimental study on dividing junction flows. 

He used the same experimental setup that was used to study the combining flow case, and 

reversed the directions o f flow. The intersection angle was set to 90°. Taylor (1944) 

presented his dividing flow results as plots o f the discharge ratio, g=QzlQ\, versus the
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depth ratio, vi/v’2, for four values o f  a main channel upstream kineticity coefficient, 

k\= (V \fl2gy\, (where V is the mean velocity and g  is the gravitational acceleration). 

Taylor (1944) also plotted the relation between the ratio o f the downstream depths, yi/yi, 

and the depth ratio y\iyi. Thus, given the downstream conditions o f both channels (depths 

or rating curves) and the inflow discharge, the discnarge split o f a 90° junction could be 

determined graphically.

Grace and Priest (1958) presented a detailed experimental study for dividing open 

channel flows. They examined four junction angles, (*£=30°, 60°, 90°, and 120°) as shown 

in Table 2.2 with different discharge ratios and different upstream Froude numbers. For 

the 30° junction three lateral channel width ratios, *yj, were investigated. The inflow was 

passed through a grid and screen to improve the velocity distribution. Gates at the 

downstream ends o f the channels were used for the regulation o f flow. The outflow 

discharge from the main channel was measured by a 60° V-notch weir and that through 

the lateral channel was determined by dividing the collected volume by the accumulation 

time. The flow depths in the different channels were measured by point gauges.

Grace and Priest (1958) divided the results into two parts, one in which standing 

waves were evident and the other in which the surface was free o f any disturbances. They 

presented their results as plots o f the discharge ratio, c, versus the two depth ratios, yVyi 

and V2/V3 for the four junction angles and the three width ratios that they examined.

In his thesis, Law (1965) presented a detailed experimental study on a 90° 

junction to explore the performance o f a horizontal dividing channel. Vertical sliding
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gates were installed at the exit end o f the channels to regulate the discharge and the depth 

o f water. The mean depth in each channel was taken at a station 86.4 cm (34 in), from the 

center o f the junction. These stations were checked to be away from hydraulic jum ps and 

back water effects. Point gauges were used to measure the depths at a 2.54 cm (1-inch) 

grid spacing in the junction. Chalk powder traces were photographed with a time- 

calibrated camera. The length o f the streaks o f  the chalk powder left on the pictures was 

used to determine the relative surface flow velocities. The depth measurements and the 

determined relative surface velocities were then used to compute the Froude numbers 

covering the junction and drawing contours o f these Froude numbers. Law (1965) 

divided the results into two parts: one pertaining to flow in the main channel; and the 

second to that in the lateral channel. He presented his results as plots o f the mean Froude 

numbers for the different discharge ratios.

Law (1965) was the first to attempt a theoretical analysis for dividing junction 

flows. He divided a 90° junction o f  two channels o f  equal width into two control 

volumes; one for the main channel flow and the second for the lateral channel flow. He 

applied the momentum principle to each control volume in the respective main and lateral 

channel directions together with the overall mass conservation. He also applied 

conservation o f  energy while neglecting losses in his analysis for the main channel 

extension. During his analysis for the branch channel flow. Law (1965) assumed that the 

upstream and downstream depths in the main channel were equal and included an 

empirical contraction coefficient to account for the flow separation in the branch channel. 

Friction losses were neglected. Law (1965) developed equations relating the mean 

upstream Froude number with that in each o f the main channel extension and the branch
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channel in terms o f the discharge ratio. Further, he extended his theory to account for 

different angles o f  intersection.

Law (1965) compared his theory with his experiments and found them in good 

agreement except at high upstream Froude numbers. He found out that, for the main 

channel extension, at high Froude numbers, both the momentum and the energy theories 

were inaccurate. The flow in the junction was so complicated that for the momentum 

theory his estimate o f  the pressure force that acted on the dividing streamline was no 

longer accurate and the assumption o f negligible energy losses in the energy 

consideration was no longer valid. Law (1965) examined the performance o f the flow in 

the branch and found out that, for the cases o f high upstream Froude number, Fr\ the 

flow becomes critical either in the junction or in the branch. He also noted that a region 

o f  supercritical flow was developed in the junction when F rx was about 0.6 and that this 

region expanded to fill the entire junction area when Fr\ was higher than 0.7. Also 

hydraulic jumps were initiated in the main channel extension. Law (1965) mentioned that 

"in both channels, when the discharge ratios were very small, large 

recirculation regions extending across the respective channels were 

form ed'''

Based on Law’s (1965) work, Law and Reynolds’ (1965) published a paper. In 

their discussion o f  that paper, Lakshmana and Sridharan (1966) pointed out that there was 

an appreciable curvature in the dividing streamline that should result in a centrifugal 

force across this streamline. Law and Reynolds’ (1965) formulation did not include this 

force. Because o f the difficulty involved in estimating the component o f  this force in the 

main channel direction, Lakshamana and Sridharan (1966) preferred the use o f the energy

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



consideration for the main channel analysis. They also recommended that the application 

o f the momentum equation to the branch be at sections well upstream o f the junction in 

the main channel and downstream o f the junction in the branch to avoid the non-uniform 

flow reaches. In that case, the formulation should include friction losses.

Lakshamana and Sridharan (1967) conducted detailed experiments for five angles 

o f  off-take ranging between 30° and 90° and four width ratios between the branch channel 

and the main channel, &>, ranging between 0.25 and 1.00. The flow condition in the main 

channel was varied by means o f a tailgate fitted at the downstream end o f the main 

channel. In all their experiments, the flow in the branch was free overfall type. They 

noted that for subcritical flow in the main channel. Fry gave a better correlation than F r\. 

This could be expected as the control section for subcritical flow was in the downstream 

channel. For supercritical flow in the main channel Fr\ was to be taken as a reference 

parameter.

For the 90° off-take, Lakshamana and Sridharan (1967) found out that the 

separation zone width increased while the strength o f the eddy decreased with the Froude 

numbers in the main channel channel. They compared the different flow features in the 

acute angled off-takes with those in the right angled off-take. They noted that the width 

o f the separation zone, and the intensity o f the eddy for the acute angled junctions were 

much less than those for the 90° junction. However, the length o f the separation zone was 

larger for the acute angled junctions. A wave was formed in the branch originating at the 

downstream comer for the 45° off-take. This wave was not so clear for the 90° off-take. 

Lakshamana and Sridharan (1967) observed that the separation zone was absent for the
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30° and the 45° junctions for F r i values approaching critical. The water surface profile 

measurements indicated a drop in the water surface along the inner wall (the side from 

which the branch takes off) o f the main channel. They explained this as the effect o f the 

resultant centrifugal force as the flow changed its direction near the junction. They 

concluded that there were three types o f flow that occurred in the main channel: In the 

first case, the flow was entirely subcritical and the surface was free from any waves; in 

the second case, Fr\ was o f the order o f 0.75 and the flow became almost critical just 

upstream the inlet, the water surface profile across the inlet was o f a falling nature and a 

wave formed in the main channel near the downstream edge o f the inlet; and in the third 

case, the flow was supercritical in the entire reach o f the main channel near the junction. 

Lakshamana and Sridharan (1967) presented a solution for the subcritical case based on a 

dimensional analysis and their experimental investigations. In their dimensional analysis 

they omitted the parameter y;/yi for free flow in the branch. They presented an empirical 

equation relating the discharge split with F n  with the coefficients depending on the 

junction angle, S, and the width ratio, eo>. They also discussed the effects o f  the variation 

in eoi and £>'on the discharge distribution.

Lakshamana et al. (1968) performed an experimental study for a 90° rectangular 

off-take with the branch channel width half that o f  the main channel. The flow in all o f 

the channels away from the vicinity o f the junction was subcritical and the majority o f  the 

observations were obtained by controlling both the main and the lateral channel flows. 

Flow characteristics such as surface profiles, dividing streamlines at the bed and on the 

surface, and return flow in the branch channel, were discussed. They correlated the
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discharge split with Froude numbers in the main and the branch channels. They found 

that the flow in the main channel became free overfall type for Fr\ >0.7 and an oblique 

wave formed across the main channel. Streamline observations showed that while the 

surface streamlines entered the branch with a smooth curvature, the bed streamlines 

turned sharply (almost at 90° and in some cases at an obtuse angle) into the branch. They 

correlated the separation zone parameters with Fri and F n .

Kasthuri and Pundarikanthan (1987), in their discussion o f Best and Reid’s (1984) 

paper, presented their experimental investigation for the separation zone dimensions in a 

90° branching channel. Their results showed that the length and the width o f the 

separation zone decreased with the increase in discharge ratio. They pointed out that the 

difference in the relationships between the separation zone dimensions and discharge 

ratio for a confluence and those for a branching channel could be attributed to the fact 

that the former was an addition o f flow that would increase the inertial forces while in the 

latter it was the opposite case.

Ramamurthy and Satish (1987) presented a theoretical model for the discharge 

split in short branch channels when the flow in the branch was not submerged due to 

downstream controls. The model was developed for various width ratios o f the branch to 

the main channel using the principles o f momentum, energy and continuity. They made 

use o f the similarity o f flow configuration between the division o f  flow in a branch 

channel and in a two dimensional lateral outlet fitted with a barrier in estimating the 

contraction coefficient o f the jet entering the branch channel. The discharge split was
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related to Fry and the model was validated by experimental data from that study and from 

previous ones. They found out that their model was in good agreement with the data. 

However the application o f the model should be limited to cases where <y;<l .0, Fry < 0.7 

and /*>2>0 .3 5 .

Tran (1989) presented a solution for the general case o f  dividing flow through 

right-angled junctions for all branch flow conditions. He first computed the momentum 

transferred from the main channel to the lateral channel then substituted for it in the main 

channel momentum equation. He expressed a discharge ratio, Qi/Q\, in terms o f Fr\ and 

the depth ratio yi/v3- He used his data and those from previous studies to check his 

estimate for the momentum transfer from the main channel to the lateral channel and then 

to verify his model. The model was validated for cases where 0</->i<0.75. The model 

didn 't require measurements o f the flow depth in the lateral channel and there was no 

restriction to the nature o f the flow in the branch channel.

Neary and Odgaard (1993) presented an experimental investigation for the flow 

structure at a 90° open channel diversion. Two different bed materials were used in the 

course o f the experiments to simulate rough and smooth bed conditions in the main 

channel. For each roughness condition three different ratios o f the diversion flow velocity 

to the main channel velocity were used. They found out that the width o f the separation 

zone along the upstream wall o f the diversion was smallest at the bottom and increased 

towards the water surface. Conversely, the dividing stream plane was closer to the wall at 

the surface than at the bottom. These differences over the depth increased when the
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velocity ratio and the main channel bed roughness increased. The study showed that the 

flow at open channel diversions was three dimensional and exhibited similar 

characteristics to river bend flow. Neary and Odgaard (1993) indicated that tor a given 

velocity ratio, an effective bend geometry was set up in which the dividing stream plane 

represented the outer bank and the shear layer delineating the separation zone represented 

the inner bank. Increasing the velocity ratio changed the geometry o f the dividing stream 

plane and the separation zone thus inducing an effective radius o f curvature.

Shettar and Murthy (1996) used a two dimensional numerical model which 

employs the depth averaged forms o f the continuity and the momentum equations along 

with the k-e turbulence closure scheme to simulate the flow at open channel divisions. A 

limited number o f experiments were conducted to obtain data concerning velocity 

distribution and surface profiles at right-angled junctions, for the verification o f  the 

numerical model predictions. The numerical predictions o f  the discharge distribution and 

computed flow features, like water surface profile, depth averaged velocity distribution in 

the main channel and size o f the separation zone, matched fairly well with the 

experimental observations. However, there was a certain amount o f error in the prediction 

o f velocity distribution in the branch channel.

Barkdoll et al. (1998) studied 90° junction flows. They presented experimental 

data o f  free-surface velocity and water surface elevation in an open channel and 

compared these to corresponding symmetry plane values in duct flows. They found that 

there was a difference in the near surface velocity. This was attributed to secondary
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currents that were present in open channel flow but not in the duct flow. It was also found 

that as the flow turned to enter the branch, centrifugal forces caused a super-elevation o f 

the water surface in the open channel flow. There observations suggested that caution 

should be taken when assuming that flow in an open channel cross section was equivalent 

to that in one half o f a closed conduit.

Neary et al. (1999) developed and validated a three-dimensional numerical model 

for predicting time averaged turbulent flows through lateral intakes with rough walls. 

Calculations were carried out for flows through rectangular closed conduits and open 

channel 90° junctions. Comparisons o f the predicted mean velocity field with laboratory 

experiments showed that the model captured most experimental trends with reasonable 

accuracy. The model reproduced known flow patterns and provided novel in s ig h t about 

the complex hydraulics and sediment transport processes encountered in lateral intakes at 

a level o f detail that was not attainable by laboratory studies.

2.4 Numerical Modeling o f Open Channel Networks

Networks o f channel systems are frequently encountered in natural river basins 

and in man-made urban drainage systems. The channel network system is composed o f 

channel segments connected at junctions to form loops, and tree-like dendritic structures 

(Barkau et al. (1989)). Many investigators in the past have simulated the flow in the 

channel segments using various numerical schemes to approximate the governing mass 

and momentum conservation flow equations and the boundary conditions specified for 

each channel. Kao (1980), Jollife (1984), Barkau et al. (1989) and Chao and Molinas
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(1993) used implicit finite difference schemes to approximate the Saint-Venant equations 

for gradually varied unsteady flow in open channels. Instead o f  modeling the flow in 

channel reaches using the dynamic form of the equations, some researchers employed a 

simplified form o f the equations by neglecting the inertial forces and used the diffusive 

wave equations (Akan and Yen (1981) and Blandford and Ormsbee (1993)). Blandford 

and Ormsbee (1993) used an implicit finite element scheme to represent the continuity 

equation. Finite element modeling is attractive as it is easier to use variable grid spacing 

and or higher-order elements in regions o f rapid flow parameter variations (Blandford 

and Ormsbee (1993)).

At the junctions additional equations or interior boundary conditions are required. 

Chao and Molinas (1993) provided the required equations by applying conservation o f 

mass and energy at the junctions. In the HEC-RAS (US Army Corps o f Engineers), 

steady flow water surface profile calculations across the junctions can be performed in 

two different methods. The default method is an energy based method that includes 

frictional losses and models other losses as expansion or contraction losses. This method 

does not account for the angle o f  any o f the tributary flows. The second method is a 

momentum based method. The manual recommends that the user switch to the 

momentum method when the angle o f  the tributary significantly affects the water surface. 

A one dimensional formulation o f  the momentum equation in the main channel direction 

is employed. The angles o f the tributaries with respect to the main channel are used to 

evaluate the forces associated with tributary flows. The components o f  the frictional and 

the gravitational forces between the upstream and the downstream sections are included. 

Akan and Yen (1981), Jollife (1984), Schulte and Chaudhry (1987), Barkau et al. (1989),
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Blandford and Ormsbee (1993), and Nguyen and Kawano (1995) neglected energy losses 

and changes in velocity heads that the interior boundary conditions simply diminished to 

the compatibility o f water surface elevations and the continuity o f discharge. The One 

Dimensional Hydrodynamic Model (Environment Canada, 1988), and Mike 11 model 

(Danish Hydraulic Institute) are also examples o f  network models applying the equal 

water surface elevations approach at the junctions.

Different algorithms to solve the resulting set o f equations for the whole network 

were developed in order to reduce the computer storage requirements and computing 

time. Kao (1980) suggested a computational node numbering system that minimized the 

matrix bandwidth o f the resulting system o f equations. Akan and Yen (1981) applied an 

iterative successive overlapping segment technique in routing floods through dendritic 

channel networks so that the large network problem could be solved as a series o f  smaller 

problems. Jollife (1984) used a sparse matrix technique to store and solve the resulting 

set o f linear equations. Schulte and Chaudhry (1987) used the Newton-Raphson method 

and then transformed the Jacobian matrix to a banded matrix. Chao and Molinas (1993) 

introduced an efficient solution algorithm transforming the off-diagonal terms o f the 

solution matrix to diagonal terms through recursion equations. Nguyen and Kawano 

(1995) presented a double sweep algorithm for the simultaneous solution o f implicit 

dynamic wave flood routing in non-looped channel networks.

2.5 Summary and Comments

In this section a critique for the previous works presented in the literature review 

is summarized:
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1) Most o f  the momentum based theories (Taylor (1944), W ebber and Greated 

(1966), Gurram (1994), Hsu et al. (1998), etc.) have adopted the assumption o f 

negligible frictional and weight forces. Real world channels would have larger 

aspect ratios than the laboratory models. Gravity and bed friction become 

relatively more important as horizontal scales increase relative to vertical scales.

2) Existing momentum based approaches rely on the assumption o f equal upstream 

depths in case o f combining junctions (Taylor (1944), W ebber and Greated 

(1966), Gurram (1994), Hsu et al. (1998)). This may limit extending the theories 

to real world application with more dynamic events. This assumption is

"’valid only fo r  a few  simplified cases o f  low Froude numbers and is 

inadequate when dealing with bore propagation and reflections through 

junctions" Garcia-Navarro (1992).

3) Most theories faced the difficulty o f determining the contribution o f longitudinal 

momentum from the lateral channel due to the deviation o f the flow at the lateral 

channel entrance. Some researchers had to account for this component empirically 

(W ebber and Greated (1966) and Gurram (1994)).

4) Although many studies revealed that the flow structure at confluences induces 

shear forces on the dividing stream plane (Fujita and Komura (1988) and 

Weerakoon et al. (1991)), no attempt has been made to include these forces in the 

previous theories.

5) Taylor (1944) pointed out that the difficulty o f  the dividing flow problem was due 

to the following:
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‘7/i the combining flow  case it was possible to assume that the depths in 

the tributary channels were equal immediately above the junction. No 

analogous assumption is permissible in the case o f  the dividing jlow ."

Such assumption may be “almost identical to assuming the solution to the 

problem".

However, Law’s (1965) analysis for the lateral channel was based on the 

assumption that the main channel depth ratio was equal to 1 .

6 ) Although the observations o f Lakshamana and Sridharan (1967), Neary and 

Odgaard (1993), and Barkdoll et al. (1998) indicated the presence o f centrifugal 

forces as the flow changed its direction near the dividing junction, none o f the 

theories accounted for the effect o f these forces.

7) Most o f the dividing flow studies reflected on the complexity o f the flow structure 

at these junctions (Taylor (1944), Law (1965), Lakshamana and Sridharan (1967), 

Lakshamana et al. (1968)). Neary and Odgaard (1999) pointed out that

“The complex jlow  phenomena at dividing junctions are usually 

associated with considerable energy losses".

However, numerical models developed to solve open channel junction (Akan and 

Yen (1981), Jollife (1984), Schulte and Chaudhry (1987), Barkau et al. (1989), 

Blandford and Ormsbee (1993), and Nguyen and Kawano (1995)) apply the 

common energy approach o f equal water surface elevations at the junctions. This 

approach neglects differences in velocity heads as well as energy losses.

8 ) The equal water surface approach when assumed at a combining junction implies 

that there is an energy gain. For a combining junction, the downstream velocity is
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larger than that at the upstream due to the flow constriction. Comparing the 

energy levels upstream and downstream o f the junction, it can be seen that the 

downstream section has larger energy (water head + velocity head) than the 

upstream.

9) Most o f  the dividing flow theories (Ramamurthy and Satish (1987), Tran (1989), 

and Lakshamana and Sridharan (1967)) were developed with limitations on the 

downstream flow conditions in the lateral channel or the upstream Froude 

number.

10) The only model that employs a momentum approach for handling junctions, 

HEC-RAS (US Army Corps o f Engineers), employs the geometrical angles o f the 

tributaries to evaluate the frictional and gravitational forces. However, these 

angles would give incorrect results for some cases such as the case o f a tributary 

channel combining with a main channel at a 90° angle. This is attributed to the 

problem o f estimating the contribution o f the lateral channel momentum and the 

flow deviation angle. Further, this model does not account for the pressure forces 

on the longitudinal boundaries o f the control volume due to its convergence or 

divergence.

The present investigation aims at overcoming the difficulties faced in previous 

studies for subcritical flow cases and offering enhanced solutions to the junction 

problems. The study attempts to account for more o f  the physical effects associated with 

open channel junctions.
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Author
Date

Taylor

|I944J

Webber and Created

11966)

Kumar

|1994)

Hsu et al.

|1998]

b „  b 2, b j (mm) 1 0 1 .6 127 500 155

J’j(m m ) N/A N/A 60-100 80-91

(?j(n»3/s) N/A N/A 0.037 -0.125 0.058-0.071

4 0.40, 0.60, 0.80 0.20, 0.40, 0.50, 0.60, 0.80 0.25, 0.50, 0.75 0.092 -0.918

s 45°, 135" 30°, 60", 90" 30", 60", 90" 30", 45", 60"

R e i N/A >3000 24,000 - 74,000 37,000 - 46,000

Fr> 0.20 - 0.75 0 .2 0  - 0.60 0.25, 0.50,0.75, 1.00 0.59 - 0.62

TABLE 2.1. Experimental Details for Previous Combining Flow Studies

Author

|l)ate|

8 0)2 Fr 1 " / b b  3 

(mm)
Q 1

(mJ/s)

Taylor

|1944|
90" 1 .0 0

0.200, 0.374, 

0.447, 0.635
-2.5 1 0 1 .6 N/A

(.race & Priest

|1958|

30", 0.40, 1.00, 1.40 0.051 - 0.670
1.5 127.0 0.0009 - 0.0056

60", 90", 120" 1 .0 0 0 .1 I0 -0 .617

Law

|1965|

90" 1 .00 0 .130-0.823
2 .0 203.2 0.0023 - 0.0062

TABLE 2.2. Experimental Details for Previous Dividing Flow Studies



Vena-contracta
Section

Separation Zone

\

Fig. 2.1. Combining Junction Geometry and Notation

Main Channel
Separation Zone

Lateral Channel 
Separation Zone

Fig. 2.2 Dividing Junction Geometry and Notation
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Chapter 3

Theoretical Model for Combining Flows*

3.1 Introduction

Open channel networks are often encountered in water resources engineering. In 

addition to the external boundary conditions for the whole network and the interior 

conservation equations for each computational channel segment, a set o f  compatibility 

relationships or interior boundary conditions are also required for each junction. 

Currently, most numerical models o f  open channel networks provide the required 

equations by applying mass and energy conservation principles at the junctions (HEC- 

RAS (US Army Corps o f Engineers)). Since energy losses and differences in velocity 

heads are difficult to evaluate, the interior boundary conditions may simply diminish to 

the equality o f water surface elevations and the continuity o f  discharge, as in the One 

Dimensional Hydrodynamic Model (Environment Canada, 1988), Mike 11 model 

(Danish Hydraulic Institute) and Chaudhry (1993). Thus, physical effects considered 

significant enough to be included in the channel reaches o f these network models are 

neglected when handling the junctions. Further, equality o f the water surface elevations 

may be unrealistic for dynamic unsteady flow applications such as ice jam  surges or dam 

break floods in tributary channels as well as abrupt gate closures in irrigation networks 

(Garcia Navarro (1992)). In this chapter, a one-dimensional theoretical model for the case 

o f  steady subcritical combining open channel junction flows is introduced. The purpose

* The main content o f  this chapter has been accepted in the Journal o f  Hydraulic Engineering o f  the 
American Society o f Civil Engineers for publication.
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o f this model is to provide a framework that leads to an improved set o f  internal boundary 

conditions, consistent with the level o f approximation embodied in the St. Venant 

equations. Thus, it can be incorporated as an enhancement in the current open channel 

network models.

3.2 Proposed Theoretical Approach

Fig. 3.1 shows the channel geometry to be considered in this analysis. The 

subscripts 1 and 3 refer to the main channel upstream and downstream sections, 

respectively, and the subscript 2 refers to the lateral channel upstream section. The six 

variables to be evaluated are the depths and discharges at the three sections enclosing the 

junction. In the case o f  subcritical flow, the boundary conditions are specified as the two 

inflow discharges, Q\ and Qz, and a third downstream boundary condition that can be 

either a fixed depth or a rating curve. These boundary conditions define three o f the six 

variables in the problem or two variables and one equation. Hence, three additional 

equations are required for closing the problem.

As illustrated in Fig. 3.1, two control volumes are considered: one for the main 

channel flow, C.V .N and the other for the lateral channel flow, C.V.2. The control 

volumes are bounded by streamlines such that there are no lateral mass fluxes. The 

channels are all assumed to be o f rectangular cross section. The streamline curvature is 

considered small and vertical accelerations negligible; hence the vertical pressure 

distribution is assumed hydrostatic. Uniform velocity distributions and parallel 

streamlines are also assumed at the inflow and outflow sections o f the control volumes.
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Applying overall mass conservation to the junction and conservation of 

streamwise momentum to each of the two control volumes provides the three necessary 

equations. Mass conservation gives:

(3.1)

Momentum conservation is applied to each control volume in the respective 

streamwise direction; however, direct curvilinear flow effects are neglected as the most 

important apparent forces due to curvature occur in the transverse direction. Transverse 

variations o f velocity and depth due to curvature are assumed to be small compared to the 

section averaged values. This level o f approximation is implicit when the usual one

dimensional momentum equation is applied to curved channel reaches. Then,

conservation o f  momentum in the streamwise direction for the main channel control

volume, C.V.i, gives:

-  p Q V  + p Q V  = P  - P  + B  + W. -  S  -  F  (3.2)I I  13 I 31 I Al

and for the lateral channel control volume, C.V.i:

-  P Q  V + p Q  V = P -  P + B + (F, +• S -  F  - F  (3.3)2 2 2 3  2 32 2 “ b 2

where: p  is the water density, V is the mean velocity, P  is the hydrostatic water pressure 

force acting on the control surface with the first subscript representing the section and the 

second subscript representing the control volume, B  is the pressure force component due 

to the change in the control volume width, W  is the component o f the weight o f  water in 

the control volume in the down-slope direction, 5  is the shear force on the interface 

between the two control volumes, F* is the friction force acting on the solid boundaries of 

the control volumes, and F, is the shear force acting on the lateral channel control volume 

due to the separation zone forming downstream o f  the lateral channel entrance.
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3.2.1 Hydrostatic Pressure Forces

The hydrostatic forces P\, Pi, P 31, and P n  are due to the water pressure on the 

upstream and downstream boundaries o f the two control volumes. These forces are given

where: / i s  the specific weight o f  water, y  is the depth o f water, and b is the width o f the 

section under consideration.

3.2.2 Pressure Forces due to Convergence

The pressure force due to convergence acts on the longitudinal boundaries o f each 

control volume. The momentum equation is applied to each control volume in the 

curvilinear streamwise direction. Fig. 3.2 shows a control volume for a meandering 

channel with the two longitudinal boundaries having different curvatures. The curvilinear 

coordinate, s, lies along the central streamline. All the forces acting on the control 

volume are resolved into two components one in the s direction (longitudinal) and the 

second perpendicular to the central streamline (transverse). Over a very small length, ds. 

the longitudinal component o f the force acting on the left longitudinal boundary (for a 

viewer looking downstream) can be computed as the hydrostatic pressure force on the 

projected wall area normal to the s-direction. For a rectangular section this elemental 

component is equal to:

by:

P -  —/ y 'b (3.4)

(3.5)
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where: y  is the depth o f water at the element ds. Integrating over the length o f the control 

volume gives:

(3.6)
n 2  ds

where: n and m are the limits o f the control volume in the s direction. Similarly the

longitudinal component o f  the pressure force due to convergence acting on the right

longitudinal boundary is given by:

B, -  ) * £ % - *  (3.7)
;  2  &

The total streamwise component o f the pressure force due to convergence acting on the 

control volume will then be:

«  = <3.8)
n ~  n ~

It can be concluded from equation (3.8) that the longitudinal component o f this 

pressure force mainly depends on the net change in the total width and not on the 

individual curvatures o f the longitudinal boundaries. This allows shifting the s coordinate 

from the central streamline to one o f the control volume boundaries without affecting the 

magnitude o f this component.

Fig.3.1 indicates that the width o f the downstream section is divided between the 

two control volumes, C.V.i and C.V.z, in terms o f the discharge ratio. Therefore, the 

pressure forces, B\ and Bi are not equal because the amount o f contraction experienced 

by the two control volumes may be different. Physically, the pressure on the interface 

between the two control volumes is equal and opposite. However the contribution to the

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



longitudinal momentum balance may differ due to the difference in the alignment o f each 

control volume.

It should be noted that the super-elevation due to the curvature o f  the flow acts to 

increase the depth on the interface. It would also decrease the depth on the outer 

boundaries o f  each control volume. This might cause a change in this pressure force 

because o f  the depth parameter it includes. However, it may be reasonable to assume that, 

for each control volume, the increase in this force on the interface and the decrease at the 

outer boundary tend to counteract one another.

This pressure force can be approximated in terms o f the average o f the upstream 

and downstream depths o f each control volume, and the difference between the 

corresponding widths, thus giving:

forC.V .i andfo rC .V .i:

This pressure force can be also approximated based on an average o f  the upstream 

and downstream pressures for each control volume, thus giving:

(3.11)

for C .V .i,and for C.V.: :

(3.12)
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Considering the curvature of the interface, it can be seen that this pressure force 

will attain a maximum value adjacent to the junction point I and will diminish in the 

downstream direction, as the streamlines become parallel. Thus, a third depth 

approximation based on the upstream depths o f the control volumes will give:

= = ( * ( ! - , = ) - * , )  (3.13)

forC .V .(,and  fo rC .V .2:

( 3 I 4 )

Since this pressure force is an internal force, it may be more reasonable to assume 

it to have the same depth approximation in both control volumes. Thus the downstream 

depth could be considered as the depth along the interface for both control volumes to 

give:

B = - / v v k  ) (3.15)
i 2 } ' 1

for C .V .|,and forC .V .2:

a, ) (3.16)

Combining the third and fourth concepts for the depth term, the depth may be

considered as the average o f the upstream depths o f  the two control volumes and the

difference in width for each o f the two control volumes to give:

Bt (3 ' 17)

for C.V.i, and for C.V.2:
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All these approximations were tested with the available experimental data. Figs.

3.3 -  3.7 show the comparisons with Taylor’s (1944), Webber and Greated’s (1966) and 

Gurram’s (1994) experimental data. In these figures the graphs’ origin on the abscissa 

scale is shifted progressively to the right. Fig. 3.8(a-b) presents the comparisons with the 

data o f Hsu et al. (1998). The measurements o f  Hsu et al. (1998) presented the variation 

o f  7 1 and rj> with 4  at an approximately constant value o f the downstream Froude 

number, Fr3 The reported range o f Fry o f  0.59-0.62 mentioned in their study was 

computed including the energy correction coefficient for the main channel’s downstream 

section. To be consistent with the present theoretical analysis, a set o f  downstream 

Froude numbers for the different runs o f  Hsu et al. (1998) was computed without 

including any correction coefficients. These values ranged between 0.52-0.54. Thus, an 

average value o f F r3=0 .5 3  was chosen to represent all o f the flow cases o f Hsu et al. 

(1998). The figures show that the first and the second approximations give similar results.
0

The fourth approximation based on the downstream depth does not give good agreement 

with the experimental data. The third and fifth approximations alternately give good 

results. In addition, these two approximations give a net loss in the total energy between 

the upstream and the downstream sections o f  the junction. However, the fifth one proved 

to give the best results for the variations o f the depth ratios with the discharge ratio (Fig. 

3.8(a-b)) and is therefore used in the subsequent analysis.
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3.2.3 W eight

W  is the component o f the weight o f water in each control v olume in the direction 

o f  the slope. These forces can be computed as:

W, = y
A, + A31 (3.19)

IV, = / A2 + Aj2 L,S,, (3.20)

where: A is the average cross sectional area o f the control volume with the first subscript 

representing the section and the second subscript representing the control volume, and Sa 

is the longitudinal slope o f the junction. L\ and Li are the outer lengths o f the two control 

volumes.

3.2.4 Boundary Friction Forces

Fb\ and Fbi are the friction forces acting on the two control volumes due to the 

bed and the walls o f the channels. These terms should be modeled in the same way as in 

channel control volumes and are computed as the average shear stress multiplied by the 

area o f  the solid boundary for each control volume. The nondimensional Chezy 

coefficient, C», was employed to compute the boundary shear stress where:

rn = p u . z (3.21)

V
and C. = —  (3.22)

u.

where: Ta is the boundary shear stress. a» is the shear velocity, and V is the cross 

sectionally averaged longitudinal velocity.
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These boundary forces will have maximum values in the downstream section 

where the velocity is larger than that at the upstream. Hence, the wetted perimeters and 

the mean velocities at the downstream section were considered in the calculations. The 

outer lengths o f  the two control volumes were introduced into the equation as L\ and L2, 

respectively giving:

3.2.5 Interfacial Shear Force

S  is the shear force on the interface. It acts on both control volumes, parallel to the 

interface, but in opposite directions in each. This force can be estimated as the average 

shear stress multiplied by the area o f  the interface giving:

where: C/ is the coefficient o f friction, Vs is the shear velocity, y, and L, are the depth and 

the length o f the dividing stream plane, respectively. The interfacial shear stress has a 

maximum value at point I (Fig. 3.1), where the difference in the control volumes’ 

velocities is largest, and tends to decrease in the downstream direction. The depth of the 

interface is considered to be the average o f the upstream depths similar to the pressure 

force due to convergence. Based on the linear lateral growth rate o f plane compound 

shear layers (Rajaratnam. 1976) and the transverse distance to the nearest sidewall, the

(3.23)

(3.24)

(3.25)
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length L, may be approximated in terms o f the downstream width by. The shear velocity 

may be approximated as the difference between the incoming flows’ velocities and this 

shear force can be written in the form:

where: V\ and Vz are the cross sectionally averaged longitudinal velocities in the main 

and the lateral channels, respectively.

This form for the shear force gives a positive value for the force when V\ is larger 

than V that is, when the shear stress is accelerating the flow in C .V .2 and decelerating 

the flow in C.V.i. For the force to change direction when V, becomes smaller than V2, an 

absolute value for the effective velocity is introduced and all the approximations and 

constants are combined into a single parameter, K \  to give:

The interfacial shear term should represent the momentum transfer between the 

two control volumes as well as the turbulence created on the interface. For the cases 

where V\~Vz the interfacial shear term tends to zero. However, for these cases, there is 

turbulence created on the interface in the vertical direction and is transferred to the lateral 

direction for isotropy. This turbulence may be considered by including an average 

velocity in the shear velocity approximation to give the interfacial shear force in the 

form:

/
(3.26)

v

(3.27)

(3.28)
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Including the interfacial shear parameter K.' gives:

S = K -  y)[y ,  * v, (v  + y , K  (3.29)

The two interfacial shear models in equations (3.27) and (3.29) were tested with 

the available experimental data. Taylor's (1944), W ebber and Greated’s (1966), and 

Gurram’s (1994) experimental data presented the variation o f rj\ with Fry at specific 

values o f The value o f K* was calibrated for each set o f experiments where the angle o f 

intersection and the discharge ratio were held constant. The calibration for each data set 

was based on a least square error analysis between the measured and the predicted depth 

ratio, rj\. Table 3.1 presents the calibrated values o f K * for each junction angle and each 

corresponding discharge ratio for each velocity model. These calibrated K ’ values were 

then employed to compute the depth ratios rj\ for each flow case in the previous studies. 

Figs. 3.9-3.13 present the computed depth ratio, rj\, for the different discharge ratios and 

the different junction angles. The figures also include the corresponding experimental 

data for each flow case and show the effect o f including the interfacial shear term on the 

model equations' results. In these figures the graphs' origin on the abscissa scale is 

shifted progressively to the right. Including this term in the equations improves the model 

predictions to better agree with the experimental data. The figures indicate that the 

calibrated K* is independent o f  the downstream Froude number. Both interfacial shear 

velocity models, equations (3.27) and (3.29), give the same predictions for the depth 

ratio. The difference between the two models is in the calibrated AT* values (Table 3.1). 

The table shows that the variation o f AT* is mainly dependent on the junction angle and the 

discharge ratio. However, equation (3.29) gives less variation in K* with the discharge
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ratio. Consequently, the velocity model in equation (3.29) is chosen for the subsequent 

analysis.

Considering that the K * was found to be independent o f the downstream Froude 

number, further analysis was done to obtain K’ values that were only dependent on the 

junction geometry (<5) and not on the flow conditions (Fry or ^). Two extra models for the 

length of the interface, L„ were tested. One o f these models was based on the geometric 

mean o f the downstream widths o f the two control volumes and that gave:

5  = K*p(v -  F ) [V, + V, _ + v2 \ j ( b ,g ) * b , ( \ - 4 )  (3.30)

and the other model was based on the harmonic mean o f the downstream widths and that 

gave:

S = K*p{v^  + y ^ c d - / ) ]  (3.31)

A comparison between the three models for the length o f the interface, £„ was 

performed. The experimental data o f Hsu et al. (1998) were employed in this comparison 

as they presented the variation o f  the depth ratios with the discharge ratio. Table 3.2 

presents the calibrated values o f  K* for each experimental run where the discharge ratio 

and the angle were held constant. The measured main channel depth ratio for each run 

was used for the calibration. The table also presents the average, the standard deviation, 

and the variance o f  the calibrated K * values for each angle and for each length model as 

well as the overall values o f  the average, standard deviation, and variance for each o f the 

three models. The values o f the variance indicate that the third model, based on the 

harmonic mean o f the downstream widths, gives the least variation with both the 

discharge ratio and the junction angle. The overall average values o f  AT* for the three
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models were then employed to compute the main and lateral channel depth ratios, rj\ and 

rji. Fig 3.14 presents a comparison between the different models’ predictions and the 

experimental data o f  Hsu et al. (1998). The figure shows that the harmonic mean model 

for the length Lt gives the best predictions for the depth ratios. Consequently, the 

harmonic mean o f the downstream widths was used in the subsequent analysis as the 

model for the length L,.

3.2.6 Separation Zone Shear Force*

Fs is the separation zone shear force. It acts only on the lateral channel control 

volume, C.V.2, due to the recirculating flow downstream of the lateral channel entrance 

(Fig. 3.1). It decelerates the flow in C.V.i, thus a negative sign precedes it in the 

momentum equation and a zero velocity is considered inside the separation zone. It is 

computed in a similar way as the interfacial shear force giving:

where: C, is a coefficient o f friction, y s and Ls are the depth and the length o f the 

separation zone interface, respectively.

In a manner analogous to the calculation o f  the interfacial shear force, the depth 

o f the interface is approximated to be the lateral channel upstream depth and the length to 

be proportional to the lateral channel control volume downstream width (Best and Reid 

(1984)). Combining all the coefficients and approximations into one coefficient, the 

separation zone shear coefficient, K, the force can be written in the form:

* The effect o f  the separation zone has been published in the T1 Minia International Conference for 
Advanced Trends in Engineering. M ICATE'99. M inia. Egypt, pp 272-279.

(3.32)
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F, = K p V ; y b x4 (3.33)

3.2.7 Governing Equations

Substituting all the above forces into the momentum equations for the two control 

volumes, equations (3.2) and (3.3), the resulting equation for C.V.! is:

y y '  y y ;  y
-p Q V  +pQV = - ^  —J-A,(l-0+£ ( ^ ( 1- ^ ) - ^ ) + ^ Wo

- K f i y ; - V { )  (y, +y 2p b i4 ( \ -g ) ] - /: fe ( l -^)+y3l(A)
>

For C.V.2, this gives:

(3.34)

y y '  yy
i ^ 2  i 2 2 l {  2 } {  2

V, +  V, V  ̂A-, +A}2 ^

K*/tV;-V::)tv,+y2i2b}g { \-g ) } -  J-Jf fe/+v3](L,) - K p V {  y & 4

(3.35)

It should be noted that equations (3.34) and (3.35) do not explicitly include the 

angle o f the lateral channel. However, the angle may have an indirect influence through 

the magnitude o f the separation zone shear coefficient, AT, and the interfacial shear 

coefficient, K*.

Non-dimensionalizing equations (3.34), and (3.35), using equation (3.1), in terms 

o f the discharge ratio, the depth ratios, 7 i= y in  and rfi=yily3, the width ratios,

a>\=b\lbT, and =62 /6 3 , and the downstream Froude number, F r ^ Q y ig b A y ^  f  5, results 

in the following equations:
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2 Fr - L 4  J 2 F r ,

1 f C-*,, \

Momentum
/

1

1 ■>
•5

V < y , 7 , .

Set Pressure 

] ( 7 , + 7 :  +
}

Interfacia I Shear Frictional Shear

J
(<y,7, + ( ! - / ) ) -

Weight

( 3 . 3 6 )

<̂ 2 7 :  2 F r 3‘

1 f  L S )
J ' 2 F rf «. -V3 J

( < y : 7 :  +  , - )  +

Momentum Set Pressure Weight
/

(i -  4)
2

*
2 \

V <y,7, cozrjz y
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(3.37)

Interfacia I Shear Frictional Shear Separation Shear

Equations (3.36) and (3.37) are two non-linear equations that can be solved for 

the values o f rj\ and tf>, given c, and Fry. Considering that c, 71 , tji, at\, and eo> are all o f 

the order 1, an order o f magnitude analysis can be performed on equations (3.36) and 

(3.37). It can be seen that the momentum term is o f  order 1 and the order o f  magnitude o f 

the other terms can be determined by the parameter in each term. The order o f the net 

pressure term depends upon the value o f  the downstream Froude number; thus for cases 

with low values o f Fry the net pressure and weight terms will dominate. In the limit o f 

Fry=Q, the solution can be shown to reduce to equality o f water surface elevation. The 

magnitude o f the weight and the frictional shear terms is determined by the parameters 

(L SJyf)  and (L/yy C-1), respectively. These parameters will be significant for real world 

applications where the length to depth ratio is large. The orders o f  the interfacial shear 

and the separation shear terms are to be determined by the values o f  K* and K, 

respectively.
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3.3 Results and Discussion

The theoretical model equations (3.36) and (3.37) were solved using a Newton- 

Raphson procedure to calculate the depth ratios for the flow cases in the previous 

experimental studies. Since all these studies were performed on horizontal flumes, the 

weight term was not included in the analysis. In this investigation, experimental data 

from channels with smooth boundaries, low Reynolds numbers (3000-50,000) and small 

aspect ratios (bly=4 - 5) were considered. For these cases, the bed friction effect should 

be very small. However, for real applications, the effect may be significant. This 

framework allows the use o f a friction model consistent with that used in the channel 

reaches. Based on the physical model dimensions, the discharges, and the depths in each 

experiment, a value for the non-dimensional Chezy coefficient, C*, was calculated. The 

lengths o f  the control volumes were estimated based on the location o f the measurement 

sections or the flume dimensions in each study. The interfacial shear coefficient and the 

separation zone coefficient were calibrated using the available experimental data.

33 .1  Calibration of the Interfacial Shear Coefficient, if*, and the Separation Shear 

Coefficient K

For the case o f equal upstream discharges. 3=0.5, and equal widths, the approach 

velocities are equal, and thus the interfacial shear term vanishes from the equations. 

However for the general cases where 3*0.5 an interfacial shear coefficient is calibrated. 

As mentioned above, an average value o f  Fr3=0 .5 3  was chosen to represent all o f  the 

flow cases o f  Hsu et al. (1998). Taylor’s (1944). W ebber and Greated’s (1966), and 

Gurram’s (1994) experimental data presented the variation o f rj\ with F n  at specific
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values o f c  The values o f K * and K  were calibrated for each set o f  experiments where the 

angle o f  intersection was held constant. The calibration for each data set was based on a 

least squares error analysis between the measured and the predicted depth ratios, rj\ and 

rp_. Since Taylor (1944), Webber and Greated (1966) and Gurram (1994) did not provide 

measurements for the depth in the lateral channel and assumed the upstream depths to be 

equal, this assumption was employed while calibrating K* and K  for their data sets. 

W ebber and Greated (1966) corrected their depth measurements to eliminate friction 

effects. Thus the boundary friction forces were not included during the calibration o f  K* 

and AT for their experiments.

Table 3.3 presents the calibrated values o f the two coefficients K* and K  for each 

junction angle in each study. Figs. 3.15(a-b) show the variation of these calibrated 

coefficients with the junction angle. Fig. 3.15(a) shows that K* appears to decrease 

linearly with the junction angle if  the data o f Gurram (1994) is excluded. Thus, a linear 

trend line was plotted for this variation. The equation o f this line is:

K *  = -0 .0 0 1 5c>'+ 0.30 (3.38)

with a coefficient o f  determination o f 0.92. Table 3.3 gives the empirical values o f  tC  

computed using equation (3.38). The decrease in AT* with the junction angle may be 

attributed to the interaction between the forces acting on the dividing streamline (the 

pressure force due to convergence and the interfacial shear force). As the curvature o f  the 

dividing streamline increases, with the increase in angle, the pressure force B becomes 

more pronounced and the interfacial shear is less significant. As the angle decreases it is 

the opposite case and the interfacial shear force becomes more significant. Including 

G urram 's (1994) calibrated AT* data points, the variation o f  K* with the junction angle
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may be also considered constant. Thus, a mean value o f K* =0.21 was computed from all 

the calibrated values. The two approaches for determining the values o f K ' were 

employed in the model verification and both gave equally good agreement with the 

experimental measurements.

Fig. 3.15(b) indicates that K  is more sensitive than K ’ to the variation in the 

junction angle especially for angles between 30° and 90°. The figure shows a linear 

increase in the K  with the junction angle. This is expected since the separation zone 

effects, such as the constriction to the flow, increase with the increase in angle. G urram ’s 

(1994) are excluded and a second trend line was plotted for the variation o f K  with d  The 

equation o f the trend line is:

K  = 0 .0 0 9 2 ^ -0 .1 8 5 5  (3.39)

with a coefficient o f determination o f 0.91. Equation (3.39) was used to compute the 

empirical values o f K  for the angles considered in the subsequent analysis. These 

empirical values are presented in Table 3.3.

3 3 .2  The Final Model Results

Figs. 3.16(a-b) present the variation o f  the measured and the computed depth 

ratios, rji, and 72 , with g, for the three angles o f  intersection (30°, 45° and 60°) that Hsu et 

al. (1998) investigated. The computations for the proposed momentum approach are 

presented for two cases: the first where the interfacial or separation shear forces are not 

included and the second where they are included. Equations (3.38) and (3.39) are used to 

determine K* and K  for the second case. The figure shows a good agreement between the
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computations and the measurements. This indicates that K  and K  are independent o f the 

discharge ratio.

Figs. 3.16(a-b) also present a comparison between the proposed momentum 

approach and two energy approaches: the common approach o f the equality o f the water 

surface elevations (r}\=rfe=\) (neglecting velocity heads and losses); and the simple 

energy approach (conservation o f energy while neglecting losses). The comparison shows 

that assuming all three water surface elevations are equal, represented by the x-axis in 

Figs 3.16(a-b), does not reflect the actual experimental observations. Including the 

velocity heads improves the predictions, but still underestimates both upstream depths for 

most discharge ratios. The proposed momentum approach, without including the 

interfacial shear or the separation zone shear terms (AT* =0, K  =0), shows an improvement 

in the predictions over these energy approaches for most discharge ratios, though some 

discrepancy in both rj\ and rp_ is still evident. Including the two shear terms in the 

analysis has a very small effect at a discharge ratio, c, o f  0.5, due to the equal velocities 

in the two control volumes. However, at the higher and lower discharge ratios these terms 

have a more significant effect in that the interfacial shear tends to further equalize the 

depth ratios while the separation shear term captures the increased upstream depths with 

larger lateral channel discharges and angles.

Figs. 3.17-3.25 present plots o f the computed depth ratios rj\ and rp_ against Fry. 

In Figs 3.17-3.19 comparisons with Webber and G reated 's (1966) experimental data are 

presented for junction angles o f 30°. 60°. and 90°, respectively. Fig. 3.20(a-c) presents 

comparisons with W ebber and Greated’s (1966) data for a discharge ratio o f 0.5 and for 

the three junction angles investigated. Figs. 3.21-3.22 present the comparisons with
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Taylor’s (1944) data for junction angles o f 45° and 135°, respectively. Figs. 3.23-3.25 

present the comparisons with Gurram’s (1994) data for junction angles o f  30°, 60°, and 

90°, respectively. The calculated depth ratios are presented in each plot for two cases, the 

first not including the interfacial or the separation shear terms (K * =0, K  =0) and the 

second while including them. In the latter, the empirical values (Table 3.3) o f  both 

coefficients for each case were used in the calculations. The good agreement between the 

proposed model predictions and the measurements for the different angles indicate that 

the interfacial and separation coefficients are independent o f  the downstream Froude 

number. For the cases where the discharge ratio is 0.5, the interfacial shear term vanishes 

from the equations, as the upstream velocities are equal. Therefore, the model predictions 

for rji and rp_ are independent o f the tC  values. When no interfacial shear or separation 

shear are included (K* =0. K  =0) in the computations and the discharge ratio is 0.5 the 

model equations give rj\=Th  f°r different values o f Fry.

The validity o f the assumption o f equal upstream depths ( 71= rfc) adopted in all of 

the previous theories was checked by comparing the computed depth ratios while 

including the interfacial shear and separation shear in each o f  the Figs. 3.17-3.25. The 

figures indicate that the assumption is valid for most o f the cases observed. However, this 

assumption cannot be generalized for different width ratios, aspect ratios or unsteady 

flow situations due to the limitation in the available verification data.

In practice both K * and K  should be treated as calibration coefficients. In this 

study, these coefficients were found to be independent o f the discharge ratios and the 

downstream Froude number but were found to be dependent on geometry. For practical
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cases, once they have been calibrated for a specific geometry at known flow conditions, it 

may be possible to use the same values for different flow situations.

3.4 Comparison with Previous Theories

Comparisons between the proposed momentum approach and the theories o f 

Taylor (1944), Webber and Greated (1966), Gurram (1994), and Hsu et al. (1998)) were 

performed. Taylor (1944) presented a theory based on applying mass and momentum 

conservation to the junction. He simplified his equation by assuming that the depth at the 

lateral channel entrance was everywhere equal and was equal to the upstream depth in the 

lateral channel. Taylor (1944) introduced a dimensionless factor, the kineticity 

coefficient, kz=Vi/2gyz, and his resulting equation was:

where q  is either o f the depth ratios rj\ or /£> as they were assumed to be equal in Taylor’s 

(1944) study.

W ebber and Greated (1966) presented a theory similar to Taylor’s (1944) but in 

terms o f  the downstream Froude number instead o f the lateral channel kineticity 

coefficient where:

and their equation was in the form:

(3.40)

(3.42)
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When Webber and Greated (1966) checked the validity o f Taylor’s (1944) 

assumption regarding the force component imposed by the lateral channel they found it to 

be unsatisfactory. Thus they sought an empirical correction, k, that would bring the 

theoretical curves in better conformity with the experimental ones. They obtained the 

following equation:

Gurram (1994) presented a theory based on conservation o f momentum and 

continuity o f discharge in the junction. He included the momentum correction coefficient 

for the downstream section. /%, in his analysis. Gurram (1994) introduced a pressure 

coefficient, <p, in his theory to account for the lateral channel wall pressure component. 

His theory resulted in the following equation:

for the 90° junctions.

Hsu et al. (1998) presented another theory based on applying the momentum

(3.43)

where: k  = 0 .3(/ + s in < £ -l) (3.44)

73(1 + cos£?-  ^ ) -  t(1 + 2/?3F r ,2) + 2Fr32[(l - / ) 2 + / 2 cosc>']= 0 (3.45)

where ^ an d  were determined from the following empirical equations:

(3.46)

<f> = 0 .251 /2 - 0 .2 8 7 /  + 0.89 (3.47)

for 30° junctions and ^  = 0.218 / 2 -  0.25 1 / + 0.521 (3.48)

for 60° junctions and ^  = -0 .1 0 8 /2 + 0 .0 7 2 /+  0.0433 (3.49)

principle to two control volumes in the junction: one in the main channel and the second
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in the lateral channel together with overall mass and energy conservation. They assumed 

the depth ratios rj\ and rp_ to be equal and derived the following third degree polynomial 

to compute the depth ratio, ij.

where: a  is the energy correction coefficient and f3 is the momentum correction 

coefficient.

Figs. 3.26-3.30 present the comparisons with Taylor’s (1944), Webber and 

Greated’s (1966) and G urram ’s (1994) theories. The figures also include the available 

data for each angle and each discharge ratio. In these figures the graphs' origin on the 

abscissa scale is shifted progressively to the right. Each figure presents the comparisons 

for the case o f  a constant junction angle and different discharge ratios (0.2, 0.25, 0.4, 0.5, 

0.6, 0.75, and 0.8). For each angle, the empirical values o f K * and K  are used in the 

computations o f the present theory. Equations (3.42), (3.43), and (3.45) are used for 

plotting Taylor’s (1944), Webber and G reated’s (1966), and G urram 's (1994) theories, 

respectively. The empirical coefficients and <j> used in the predictions for the 45° and 

the 135° junctions are based on G urram ’s experimental measurements o f junction angles 

up to 90°. Taylor’s (1944), Webber and Greated’s (1966) and Gurram’s (1994) 

experimental data are shown for validation.

The comparisons with the theory o f Hsu et al. (1998) are presented in Figs. 

3.31(a-b). These figures present the case o f a constant downstream Froude number 

Fry=0.53 and different discharge ratios. Equation (3.50) is used for plotting the theory o f
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Hsu et al. (1998) while keeping <?=>#= 1. The present theory is plotted using the empirical 

values o f K* and K  for each o f the three junction angles investigated.

On comparing the model equations with the different theories it can be seen that 

the model predictions for both depth ratios are generally as good as the other theories for 

most discharge ratios and slightly superior for high discharge ratios. The advantage o f the 

proposed approach over these other theories is in its capability to be scaled up to 

prototype applications, since it includes most o f the physical effects neglected in other 

theories. The boundary friction force has been neglected in all o f  the other theories and 

although this works well at model scales, it is significant in real world cases. For 

example, consider two cases: the first, a real river with an aspect ratio o f  100 and a Chezy 

C» o f 10 and the second, an experimental flume with an aspect ratio o f  3 and a Chezy C* 

o f 17. Keeping the discharge ratio, the width ratios, and the downstream Froude number 

the same and performing an order o f magnitude analysis for the different terms in 

equations (3.36) and (3.37) for the two cases, we find that in the first case the friction 

term is almost o f the same magnitude as the net pressure term. However, in the second 

case the friction term is negligible. The second advantage o f the proposed model is that it 

does not rely on the assumption o f  equality o f the upstream depths in both the main and 

the lateral channels. For general situations, this assumption may not be applicable.

3.5 Summary’ and Conclusions

A one-dimensional theoretical model providing the necessary interior boundary 

equations governing subcritical combining open channel junction flow was developed. 

The momentum principle was applied to two control volumes in the junction, in the
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respective streamwise directions. Given the inflow discharges and a downstream 

boundary condition, the model calculates the upstream depths for each o f the incoming 

channels.

The interfacial shear force between the two control volumes and the separation 

zone shear force in the lateral channel control volume were included in the analysis. Two 

shear coefficients were calibrated, using the available experimental data, for the different 

junction angles. It was found that the variation in these coefficients was independent o f 

the discharge ratio and the downstream Froude number but was dependent on the angle o f 

intersection. From this we tentatively conclude that, in general, the coefficients are 

dependent on junction geometry, but not on flow. The latter conclusion requires further 

experimental verification, but may be acceptable as a working hypothesis in practical 

cases.

A comparison between the current treatment for junctions in open channel 

network models that apply conservation o f  energy and the proposed model was 

performed. This showed that the proposed model gave better predictions, for both depth 

ratios, than the energy approach.

A comparison between the proposed theory and previous momentum based 

theoretical approaches was performed. The comparison showed that the proposed model 

predictions were about as good as the other theories and somewhat superior at high 

discharge ratios. The advantage o f  the proposed theory is that it models almost all o f  the 

physical effects involved, such as the boundary friction forces which were neglected in 

all o f the other theories, and thus it can be scaled up to real world applications. Further, 

the application o f the momentum principle in the streamwise direction to two control
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volumes in the junction allows the model to be easily implemented in network models

and makes handling o f the junctions consistent with that o f the channel reaches.
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APPENDIX

Alternate Control Volume Configurations

Alternate control volume configurations were examined in order to better model 

the separation zone effects in the theory. Figs. 3.32 and 3.33 show three and four control 

volumes' configurations, respectively. For the three control volumes, the depth at the 

maximum contracted section and the width of the separation zone are added to the 

variables. The number o f equations also increases as an extra equation is formulated for 

C .V .3 and an empirical equation (Best and Ried (1984)) for the separation zone width is 

included. For the four control volumes' approach, two depths are added at the maximum 

contracted section and the separation zone width. However, comparisons between the 

computed depth ratios using the two. three, and four control volumes' approaches and the 

experimental data proved that the two control volume approach gave the best agreement 

and the most stable results.
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Author 6 4 Calibrated K
S= A ‘*(Kr f'2)*ab*(l'r f'2)*(y1+y2)*Aj S=K ‘* (l',-l'2)*(f'1+K2)*(y,+F2)*Ai

Webber and Greated (1966) 0 . 2 0 0.19 0 .11

Gurram (1994) 0.25 0 . 0 0 0 . 0 0

Webber and Greated (1966) 0.40 0.69 0.14
Webber and Greated (1966) 30 0.60 0.65 0.13

Gurram (1994) 0.75 0.70 0.32
Webber and Greated (1966) 0.80 0.14 0.09

Taylor (1944) 0.40 1.58 0.30
I'aylor (1944) 45° 0.60 0 . 0 0 0 . 0 0

Taylor (1944) 0.80 0 . 0 0 0 . 0 0

Webber and Greated (1966) 0 . 2 0 0.17 0 . 1 0

Gurram (1994) 0.25 0 . 0 0 0 . 0 0

Webber and Greated (1966) 0.40 1.51 0.29
Webber and Greated (1966) 60 0.60 0 . 0 0 0 . 0 0

Gurram (1994) 0.75 0 . 0 0 0 .0 0

Webber and Greated (1966) 0.80 0 . 0 0 0 . 0 0

Webber and Greated (1966) 0 . 2 0 0 . 2 0 0 .1 2

Gurram (1994) 0.25 0 . 2 6 0.1.3
Webber and Greated (1966) 0.40 2.53 0.46
Webber and Greated (1966) lJ() 0.60 0 . 0 0 0 . 0 0

Gurram (1994) 0.75 0 . 0 0 0 . 0 0

Webber and Greated (1966) 0.80 0 . 0 0 0 . 0 0

Taylor (1944) 
Taylor (1944) 
Taylor (1944)

135°
0.40
0.60
0.80

0.61
0 . 0 0

0 . 0 0

0 .1 2

0 . 0 0

0 . 0 0

Table 3.1 Comparing the Interfacial Shear Coefficient, K , for the Two Interfacial Shear Velocity Models



L , Model *3 SQRT(6 3 =*6 3( I ^ ) )

S 4 Calibrated K
•

0.918 0.05 0.19 0.34
0.811 0 . 1 0 0.25 0.32
0.708 0 . 1 2 0.26 0.29
0.609 0.13 0.26 0.26

30° 0.518
0.42 0.04 0.09 0.09

0.321 0 . 1 2 0.26 0.28
0.205 0.07 0.18 0 . 2 2

0.097 0.05 0.17 0.28
Average 0.085 0.206 0.261
Standard Deviation 0.035 0.064 0 080
Variance 0.416 0.308 0.307

0.904 0.05 0.17 0.29
0.809 0.08 0 . 2 0 0.26

0.7 0 . 1 0 0 . 2 2 0.24
0.611 0 . 1 2 0.24 0.25

45° 0.5
0.42 0 .1 1 0.23 0.23

0.313 0.09 0 . 2 0 0 . 2 2

0.203 0 . 1 0 0.25 0.31
0.092 0.05 0.18 0.31

Average 0.089 0.212 0 264
Standard Deviation 0.026 0.028 0.036
Variance 0.290 0.131 0.135

0.91 0 . 0 2 0.07 0.13
0.824 0 . 0 2 0.06 0.08
0.697 0.03 0.07 0.08
0.62

60° 0.511
0.425 0.28 0.56 0.56

0.3201 0.18 0.39 0.41
0 . 2 1 2 0 .1 1 0.27 0.32
0.097 0.05 0.17 0.28

Average
Standard Deviation 
Variance

0.099
0.097
0.984

0.226
0.189
0.838

0 26~ 
0 184 
0.689

Overall Average 
Overall Std. Deviation 
Overall Variance

0.090 
0.05- 
0.626

0.214
0.106
0.497

0.264
0.108
0.409

Table 3.2 Comparing the Interfacial Length Models Using the Data of Hsu et al. (1998)

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

A u th o r S C alib ra ted  V a lu es M ean E m pirical V a lu es
*

A A
*

A
*

A A
Webber and Greated ( l% 6 )

30°
0.26 0 . 0 0

0 .2 1

0.26 0.09Gurram (1994) 0.18 0 . 0 0

ilsu e t al. (1998) 0.28 0.06

Taylor (1944)
45°

0 . 2 0 0.33 0.23 0.23
Ilsuet al. (1998) 0.24 0 .21

Webber and Greated (1966)
60°

0 .2 2 0.30
0 .21 0.37Gurram (1994) 0.15 0.26

Ilsuet al. (1998) 0 . 2 0 0.38

Webber and Greated (1966)
90°

0.17 0.84
0.17 0.64

Gurram (1994) 0.26 1.61

Taylor (1944) 135" 0 . 1 0 0.95 0 . 1 0 1.06

Table 3.3 Calibrated and Empirical Values of K and K



-ft■©

>: i

t i

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fi
g.

 3
.1

. 
C 

'' 
g 

Op
en

 
C

ha
nn

el
 J

un
ct

io
n 

wi
th

 
the

 
C

on
tr

ol
 V

ol
um

es
 

an
d 

N
ot

at
io

n

87



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

-t*

1.70

1.60 -

a Webber and Greated (1966) 
□ Gurram (1994)

 avg. u/s & d/s depths
 avg u/s & d/s pressures
 u/s depth
-  • - -  d/s depth 
■ ■— avg. 2 u/s depths

£ =0.40
£=0.50

1.40 -
4 =0.25

Hi
4 =  0.20

£=0.80
£=0.75

£=0.60

. 0 0  i f  * 1
0.00 0.00

1.30 - /•>• 3 scale

1.20  -

1 .10  -

Fig. 3.3 Com paring the Different Theories for Pressure Force B ( S  =30°)
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Fig. 3.6 Com paring the Different Theories for Pressure Force B ( S  =90°)
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C hap ter 4

Theoretical M odel for Subcritical Dividing Flows*

4.1 Introduction

The study o f dividing junction flows in open channels is considered the 

complementary part to that o f the combining flows presented in the previous chapter. 

Together they have a direct application in the design o f  water and waste water treatment 

plants, irrigation and drainage canals, and in the analysis o f natural river network 

systems. The problem o f  the dividing flows is different from that o f  the combining ones. 

"It can be stated as: when a given stream splits into two branches, what is 

the flo w  division?" (Taylor 1944). The analysis o f the dividing flow 

problem "is considerably more difficult than that o f  the combining flow  fo r  

the follow ing reason: In the combining flow  case it was possible to assume 

that the depths in the tributary channels were equal immediately above the 

junction. Mo analogous assumption is permissible in the case o f  the 

dividing flow ."  such an assumption may be "almost identical to assuming 

the solution to the problem"  (Taylor 1944).

"The complex flo w  phenomena at dividing junctions are usually 

associated with considerable energy losses. The transverse pressure 

gradients in the vicinity o f  the lateral channel entrance induce regions o f

Preliminary results for the content o f  this chapter were published in the 1999 Canadian Society o f 
Civil Engineers Annual Conference. Hydrotechnical Engineering Speciality Conference. Regina. 
Saskatchew an, pp. 11 -20.
* The main content o f  this chapter is under review in the Journal o f  Hydraulic Engineering. ASCE.
for possible publication.
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mean velocity gradients, depth varying surfaces o f  Jlow division and  

separation, vortices, and zones o f  flo w  reversar  (Neary and Odgaard 

1999).

However, most numerical models o f open channel networks currently neglect energy 

losses and differences in velocity heads and assume the equality o f  the water surface 

elevations at the junctions. The purpose o f this study is to provide a set o f  internal 

boundary conditions based on momentum conservation to enhance the handling of 

dividing junctions in open channel network models especially for dynamic flow 

situations where the assumption o f equal water surface is not applicable. This set o f 

interior equations is consistent with those presented in the previous chapter for combining 

flows as well as the St. Venant equations handling the channel reaches. This is achieved 

by trying to model most o f the physical effects in the problem, thereby avoiding the 

assumption o f the equality o f the water surface elevations at these junctions. Meanwhile, 

this study investigates the significance o f the various flow phenomena occurring at these 

junctions.

4.2 Proposed Theoretical Approach

Fig. 4.1 shows the junction geometry to be considered in the analysis. Subscripts 

1, 2, and 3 indicate the upstream section o f the main channel, the branch channel outflow 

section and the downstream section o f the main channel, respectively. The variables o f 

the problem are the three flow depths, yi, and V} and the three discharges Q\, Qi and 

Qi, at the end points o f all the intersecting channels. For the steady subcritical flow case, 

the boundary conditions supply three o f these variables; the inflow' discharge, Q i, and
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two downstream conditions; those can be either fixed depths or depth discharge 

relationships. Thus, three equations are required to close the problem.

Analogous to the combining flow theory, the junction is divided into two control 

volumes one for the main channel flow and the other for the lateral channel flow. The 

control volumes are bounded by streamlines such that there are no lateral mass fluxes. 

The channels are all assumed to be o f  rectangular cross section. The streamline curvature 

is considered to be small and vertical accelerations to be negligible, hence the vertical 

pressure distribution is hydrostatic. Uniform velocity distributions and parallel 

streamlines are assumed at the inflow and outflow sections o f the control volumes. Thus, 

the inflow width is divided between the two control volumes in terms o f the discharge 

ratio, g=Qi!Q\.

Applying overall mass and momentum conservation in the streamwise direction to 

each o f the two control volumes in the junction provides the three interior equations 

required to close problem. Overall mass conservation gives:

Conservation o f momentum in the streamwise direction for the main channel 

control volume, C.V.i, gives:

Considering that the geometric effects that are occurring on opposite sides o f  the 

central streamline o f the lateral channel control volume, due to curvature, tend to 

compensate, then conservation o f momentum for the lateral channel control volume.

Q\ =Q : + & (4.1)

(4.2)

(4.3)
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where: p  is the water density, V is the mean velocity, P  is the hydrostatic water pressure 

force acting on the control surface, W is the weight component in the direction o f the 

slope, B is the pressure force component due to the change in the control volume width,

shear force due to the separation zone, and Fc is the centrifugal force acting on the main 

channel control volume due to the flow curvature in the lateral channel control volume. 

Fc is not included in the analysis o f the lateral channel control volume as it is acting in 

the transverse direction.

4.2.1 Hydrostatic Pressure Forces

The hydrostatic forces: Pu; Py, P\y, and P>, are due to the water pressure on the 

upstream and downstream boundaries o f the two control volumes with the first subscript 

representing the section and the second subscript representing the control volume. These 

forces are given by:

where: y  is the depth o f water, y  is the specific weight o f water, and b is the width o f the 

channel at the section under consideration.

4.2.2 Pressure Force due to Divergence

The pressure force due to divergence, B, acts on the longitudinal boundaries o f 

each control volume. It can be written in a general form as:

Fb is the friction force acting on the solid boundaries o f the control volumes, Fs is the

(4.4)

(4.5)
n
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where: s is the spatial coordinate along the streamwise direction, and n and m are the 

limits o f  the control volume in the 5 direction (Fig. 4 .1).

The variation in width with distance, db/ds, is the difference between the 

upstream and downstream widths for each control volume. Analogous to the combining 

flow analysis, the depth along the longitudinal boundaries may be approximated as the 

average o f the downstream depths and the force takes the form:

(4.6)

forC.V.i and forC .V .i:
-  V

(6 ; ~ b\4)

Another approximation based on the upstream depth can be used where:

b  = ! / y : (z> - 6 d - / ) )
I ?  I y 3 I ’

(4.7)

(4.8)

forC.V.i and forC .V .i: Bi - 6 , / ) (4.9)

An average form o f  the above two approaches can be used w here the average o f 

the upstream depth and the two downstream depths in the junction is used thus giving:

* +
v\ + y,

{b - 6 ( 1 - / ) )
3 I ’

(4.10)

for C.V.i and for C.V.i: 5 , = - /  
?

(6; - 6,/) (4.11)
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In the dividing flow case the boundary conditions generally provide the two 

downstream depths, v-: a n d >3, and the inflow discharge, Q\. The three model equations, 

with the pressure forces only, can be used to compute the outflow discharges, Qz and Qz, 

and the upstream depth,y \. The three formulations for the pressure due to divergence are 

tested with a sample o f the experimental data (Taylor (1944)). Fig. 4.2 presents the 

variation o f  the discharge ratio, g, with the downstream depth ratio rp=yzlyz- The figure 

shows a comparison between the model computations and Taylor’s (1944) dividing flow 

experimental data for the four upstream Froude numbers that he investigated. The 

comparisons indicate that the model does not give good agreement with the data for any 

o f the formulations tested. This may be due to the significance o f the other forces that are 

not included at this stage o f the analysis. Consequently, the choice o f  the best formulation 

for the divergence pressure will be postponed until more physical effects are included.

4.2 J  Weight

W\ and Wz are the weight components in the direction o f the slope for C.V.i and 

C.V.2, respectively. These forces are computed as:

where: A is the average cross sectional area at the section under consideration with the 

first subscript representing the section and the second subscript representing the control 

volume, S0 is the longitudinal slope o f the junction and L\ and Lz are the lengths o f  C.V.i 

and C.V.2, respectively.

o

(4.12)

(4.13)
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4.2.4 Boundary Friction Forces

Fbi and Fb2 are the friction forces acting on the two control volumes due to the 

bed and the walls o f  the channels. These forces are equal to the average bed shear stress 

multiplied by the area o f  the solid boundary o f each control volume giving:

F  = p
41

(4.14)

^42 = P + y x i L 2) (4.15)

where: C« is the non dimensional Chezy coefficient. The shear velocity and the cross 

sectional area are approximated to be in terms o f  the inflow section parameters o f each 

control volume.

4.2.5 Lateral Channel Separation Zone Shear Force

FS2 is the shear force which acts on the lateral channel control volume due to the 

separation zone that form as the flow turns to enter the lateral channel as shown in Fig. 

4.1. This force is computed as the average shear stress due to the difference between the 

flow velocity in the lateral channel control volume and that inside the separation zone, 

multiplied by the area o f the shear interface. It may be approximated as:

F:, = C r  p iy ^ '  ( y , , ) ( L , , )  (4.16)

where: C/ 2 is the shear coefficient, Vs2 is the shear velocity on the interface o f the 

separation zone, yS2 and Ls2 are the depth and the length of the separation interface, 

respectively. In a manner analogous to the calculation o f  the separation zone shear force

1 1 1
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for the combining flows, the depth o f the interface is approximated to be the upstream 

depth and the length o f the interface is approximated to be the upstream width o f the 

lateral channel control volume. Further, K 2 is approximated to be the cross sectionally 

averaged longitudinal velocity at the inflow section, V\. Putting all o f the coefficients and 

approximations into one coefficient, K j z ,  this shear force can be written in the form:

This force can be also approximated based on the parameters o f the outflow 

section o f  the lateral channel control volume to give:

For the dividing flow case, the lateral channel separation shear force is more 

significant than that for the combining flow case. Including this force in the computations 

considerably improves the ability o f  the model to predict discharge ratios. Consequently, 

the choice o f the best formulation for the divergence pressure as well as that for the 

lateral channel separation can be now pursued. Figs. 4.3-4 .8  present the comparisons 

between the model predictions for the discharge ratio and Taylor’s (1944) experimental 

data. The computations for the proposed momentum approach are presented for two 

cases: the first where the lateral channel separation shear force is not included and the 

second where it is included. Different combinations for the formulations o f the 

divergence pressure and the lateral channel separation shear forces are tested. The value 

o f  the lateral channel separation shear coefficient, Kj i, is calibrated first for each set o f 

experiments with a constant upstream Froude number, F r t, and for each model 

formulation. The calibration is based on a least squares error analysis between the 

computed and the measured upstream depth ratio, rj\=y\l\y and discharge ratio, g=Qz!Q\.

Ft l = K dlp V ^ { y ^ ) (4.17)

(4.18)
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The computations in Figs. 4.3-4.S employ Eq. (4.17) while those in Figs. 4.6-4.8 employ 

Eq. (4.18) to model the lateral channel separation shear force. For modeling the 

divergence pressures, the upstream depth, Eq. (4.8) and (4.9), the average o f the 

downstream depths, Eq. (4.6) and (4.7), and the average o f the three depths, Eq. (4.10) 

and (4.11), are respectively employed in both sets o f figures, 4.3-4.5 and 4.6-4.8. Figs. 

4.3-4 .8  indicate the significance o f including the lateral channel separation shear force in 

the computations o f the discharge ratios. The figures also show that the best model 

formulation is the one that employs the upstream depth for the divergence pressure forces 

and the upstream parameters for the lateral channel separation shear. Fig. 4.3. 

Consequently, Eqs. (4.8) and (4.9) for the divergence pressure and Eq. (4.17) for the 

lateral channel separation zone shear are chosen for the subsequent analysis.

Fig. 4.9 shows the comparisons between the model predictions for the upstream 

depth ratio rj\ and Taylor’s (1944) data. It should be noted that Taylor (1944) presented a 

plot that gave the relationship between the two depth ratios rj\ and Therefore, in Fig. 

4.9 Taylor’s (1944) data are not presented as discrete points. These comparisons indicate 

that the model predictions for the depth ratio are not as good as those for the discharge 

ratio. The computations are less than the observations for the high Fr\ values and as Fr\ 

decreases the predictions become greater than the measurements. This may be attributed 

to the significance o f the other forces that have not been included in the model yet. The 

figure shows that the best predictions are obtained as rji tends to 1 .

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.6 Centrifugal Force

Fc is the centrifugal force acting on the dividing streamline due to the flow 

curvature in the lateral channel control volume. Lakshamana and Sridharan (1966) 

pointed out that there was an appreciable curvature in the dividing streamline that should 

result in a centrifugal force across this streamline. Therefore, this force is included in the 

analysis o f the main channel control volume. However, this force is not included in the 

lateral channel analysis as it is acting in the transverse direction. Two approaches are 

attempted to model this force. In the first approach, the centrifugal force is considered to 

be exerted by the water mass in the lateral channel stream tube, M, when flowing by a 

velocity, V, due to the flow curvature by radius, r. Thus the force will take the general 

form:

M V 1
Centrifugal Force = -------  (4.19)

r

For this approach, F c will be the component o f  the centrifugal force in the 

streamwise direction o f  the main channel control volume. The mass can be computed as 

the density of water multiplied by the volume o f water in the lateral channel stream tube. 

The volume is the average cross sectional area multiplied by the length of the lateral 

channel control volume. The area and the radius o f curvature are assumed to be 

proportional to the upstream area and the upstream width o f  the lateral channel control 

volume, respectively. The velocity is approximated by the lateral channel downstream 

velocity. Including a centrifugal coefficient, C. to account for all these approximations 

and to consider the component o f the force in the streamwise direction. Fc will take the 

form:
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The second approach for modeling the centrifugal force is to consider the 

centrifugal effect in increasing the depth along the dividing streamline by an increment 

dy. This extra depth is then included in the formulation o f the pressure force, B\ as 

follows:

B  + Fc = (y + d y f  (& -  A (1 -  / ) )  (4.21)

where dy is computed as:

V 2
dy = —  w (4.22)

gr

where: V is the velocity in the lateral channel control volume along the dividing

streamline, w and r are the width and the radius o f  curvature o f the lateral channel control

volume stream tube, respectively, and g  is the gravitational acceleration. The right hand 

side in Eq. (4.21) is expanded and the second order term o f the depth increment, dy, is 

neglected. Substituting Eq. (4.22) in Eq (4.21) and separating the centrifugal force gives:

Fc = p y iV 2- ( b i - b i ( l - f ) )  (4.23)
r

Different approximations for the velocity, the width and the radius o f  curvature 

are tested. The velocity can be approximated as the upstream velocity, Vi, the lateral 

channel downstream velocity, V2, or the average o f  the two velocities V\ and V2. The 

width and the radius o f  curvature may be approximated to be the upstream width or the 

downstream width o f the lateral channel control volume. Different combinations o f  these 

approximations for the three parameters are formulated and the force is included in the 

model. The approximations and the constants in each formulation are all combined into
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one coefficient, the centrifugal coefficient, C. Taylor’s (1944) data sets are then 

employed for the calibration of the lateral channel separation zone coefficient, Kjz, and 

the centrifugal coefficient, C, for each formulation. The calibration is performed for each 

data set where the upstream Froude number is kept constant. The calibration is based on a 

least squares error analysis between the measured and the computed discharge ratio and 

main channel depth ratio.

Table 4.1 presents the calibrated values o f  the lateral channel separation 

coefficient and the centrifugal coefficient and the least squares error resulting from the 

calibration for each o f  the upstream Froude numbers that Taylor (1944) investigated. The 

table presents these values for each o f the two, above mentioned, approaches for 

computing the centrifugal force. For the depth increment approach, the formulations 

resulting from the alternate combinations o f the approximations for the velocity, the 

width and the radius o f  curvature are all included in the table.

Table 4.1 shows that the different formulations give similar least squares error for 

each data set with the same upstream Froude number. Consequently, the choice o f the 

best approach and the formulation to be used to model the centrifugal force is based on 

the values and the trend o f  variation o f  Kji and C, with F r ( and not on the resulting error. 

The table indicates that formulations number 4, 5, and 7 give zero centrifugal 

coefficients. That is, for these formulations the effect o f the centrifugal force will not be 

considered in the analysis and therefore these formulations are excluded from the 

comparison. Using the first approach for computing this force has a significant effect on 

the variation o f  Kjz with the upstream Froude number. Considering the significance o f the 

lateral channel separation shear force in the dividing flow analysis and that the
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independence o f the flow generalizes the model application to more flow situations, the 

first approach is excluded from the analysis. Formulations number 2 and 3 are also 

excluded as no trend for the variation o f C with Fr\ can be deduced. Comparing 

formulations 6 , 8 , 9, and 10, it can be seen that they give similar trends for the variation 

o f Kji and C with Fr\. However, formulations 6  and 10 are less complicated than 8  and 9 

and therefore the latter ones are excluded. Since formulation 10 shows less variation in 

K<n and C with Fr\, it is therefore chosen for the subsequent analysis where:

For flow divisions where the two downstream channels take off at an angle (Fig 

4.10), the centrifugal effects should be included in the two control volumes. Two 

centrifugal coefficients should be calibrated for these cases.

4.2.7 Main Channel Separation Zone Shear Force

Neary et al. (1999) mentioned that a separation zone might form along the outer 

wall o f the main channel depending on the cross sectional aspect ratio and the discharge 

ratio. They noted that this rarely occurred at lateral intakes with relatively low discharge 

ratios, but it was quite common in natural river bifurcations. Fsi is the separation zone 

shear force that acts on the main channel control volume. This force may be evaluated in 

a similar manner to that for the lateral channel, and it is written in the form:

where: C/i is the separation shear coefficient, y si and L%\ are the depth and the length of 

the separation interface, respectively, and Vs\ is the shear velocity along the separation

F c = P C y lV22p z (bl - b l( l - g ) ) (4.24)

(4.25)
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interface. The depth and the length o f the interface, ysi and Z.S| can be approximated, 

similar to the lateral channel separation shear parameters, to be the upstream depth and 

the upstream width o f the main channel control volume, respectively.

Different approximations for the shear velocity, VsU are tested. Analogous to the 

lateral channel separation, the shear velocity can be approximated to be the upstream 

velocity, V\. Separation zones and flow recirculation were observed in the main channel 

for cases with high discharge ratios (Law; 1965). Fig. 4.11 shows the configuration o f the 

control volumes for these cases. The figure indicates that, for the most part o f the main 

channel separation zone, the lateral channel velocity, Fi, may accelerate the main channel 

control volume flow velocity. Consequently, the shear velocity may be approximated in 

terms o f  both V\ and V2 and the separation shear coefficient, Q i, can be considered 

proportional to the discharge ratio, / .  Fig. 4.11 also indicates that the mechanism o f the 

flow separation in the main channel may be different from that in the lateral channel. The 

former is due to the flow expansion while the latter occurs due to the flow deviation 

around the sharp edged comer o f the junction. Thus the shear velocity, Vs\, may be also 

approximated as the expansion loss velocity between V\ and Vy. For each velocity 

approximation, the coefficients and constants are all combined into one coefficient, the 

main channel separation zone coefficient, K<ii, and the force is included in the model. 

Taylor’s (1944) data is then used to calibrate the three coefficients, Kjz, C, and Kj\ for 

each formulation o f the main channel separation shear. The calibration is based on a least 

squares error analysis between the measured and the computed discharge ratio and main 

channel depth ratio. The three coefficients are calibrated for each data set where the 

upstream Froude number is kept constant.
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Table 4.2 presents the calibrated coefficients and the least squares error for the 

different formulations o f  the main channel separation shear. In the first five formulations, 

the proportionality o f  C,i with 4  *s employed in the derivation while in the last five 

formulations it is not. The table indicates that including the main channel separation shear 

in the model reduces the variation o f K<n with the upstream Froude number. The 

approach employing the proportionality o f C/i with 4  formulations (1) to (5), gives more 

significance to the main channel separation shear force. However, the least squares error 

for all the formulations are very similar. The choice o f the shear velocity approximation 

and the separation shear approach is therefore based on the simplicity o f  the resulting 

formulation and consistency with the lateral channel separation analysis. Thus, 

formulation (6 ) that states:

is chosen for the main channel separation and is used in the subsequent analysis.

4.2.8 Governing Equations

Substituting all the forces into the momentum equations o f  the two control 

volumes, Eqs. (4.2) and (4.3), the resulting equation forC.V .i is:

= p K d,V \ \b , { \ - / ) > , ) (4.26)

(4.27)

For C.V.2, this gives:
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It should be noted that the model equations, (4.27) and (4.28), do not explicitly 

include the junction angle due to applying conservation o f momentum in the curvilinear 

direction. However, the angle may have an indirect effect through the different 

coefficients included in the equations, specifically C, K<i\, and Kj>.
Equations (4.27) and (4.28) are non-dimensionalized, using Eq. (4.1), in terms o f  

the discharge ratio, g=zQzIQ\, the depth ratios, rj\=y\/yy and 7 >=y;/y3, the width ratios, 

co\=b\lb-!, and ct»=bz/b), and the upstream Froude number, Fr\=Q\/(gb\2y \})Q5 to give the 

following equations:

(1- 4 Y - 0 - # ) l k i l l ) .

Momentum 

L ,

C .'b

2F r f co;n\ 
Net Pressure 

1

1 ( L S \ ( 7 , ^ , ( l - / )  + l)

2 F r 2 \ -Vi y 7 ,2 a/,2

Weight

— d - c )  + l
L-Vi 7,<y,

•+ C4
,7,(1 -  ftj, ( 1 - / ) ) ( 1 - C )

<y,7,

Friction Centrifugal Pressure Separation Shear

S ' 4  . i ^ : ( 7 | 2 ~ H i )  , 1
[  L z s , ‘ ] (7,<y,c + rj2(oz )

7:^: 7,^i 2 Fr; 1 3
°>\ 7i 2 Fr; I  J 7 ,:<

Momentum Net Pressure Weight

C . '6 , y, <y,7, co,ri\

(4.29)

(4.30)

Friction Seperation Shear

Equations (4.29) and (4.30) are two non-linear equations that can be solved for /  

and 71 given rji and Fr\. The magnitude o f the different terms in the equations can be
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determined by performing an order o f magnitude analysis, noting that all the ratios, c, 71 , 

72 ,  g>\, and a* are all o f order 1. It can also be noted that the momentum terms are o f 

order 1 and the order o f the net pressure term is determined by the magnitude o f  Fr\. 

Thus, for cases with low Fr\ values the net pressure and the weight terms will be 

significant in the analysis. The order o f the friction and the weight terms is determined by 

the parameters (Z./C»yi) and (LSJy\), respectively. These parameters are significant in 

real world applications where the length to depth ratio is large. The orders o f  the other 

terms are to be determined by the magnitudes o f  the different coefficients, C, K j\, and 

Kj2.

4.3 Results and Discussion

The model equations, (4.29) and (4.30), are solved by the Microsoft Excel solver, 

which employs the Generalized Reduced Gradient (GRG2) nonlinear optimization code 

developed by Lasdon and Warren (1982). Since all o f the experimental studies were 

performed on horizontal flumes, the weight term is not included in the following analysis. 

The non-dimensional Chezy coefficient, the aspect ratio and the width ratios are 

determined for each set o f experimental data according to the flume dimensions, and the 

measured values o f the discharges and the depths. The lengths o f the control volumes are 

determined from the location o f the measurement sections in each study. Where these 

locations are not mentioned, the lengths are estimated based on the experimental flume 

dimensions. The values o f Kj i , K<j\, and C are calibrated using the available experimental 

data.
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4.3.1 Calibration o f the Separation Coefficients, K j j and A'<n, and the Centrifugal 

Coefficient, C

The procedure to calculate /  and 71 for the flow cases presented in the previous 

experimental studies is performed by calibrating a set o f coefficients, Kj i , Ku\, and C, for 

each data set where Fr\ is held constant. The calibration is based on minimizing the sum 

o f the least squares error between the measured and the computed discharge ratios and 

upstream depth ratios that is given by:

k  _  f  * (<f, f } 14.31)
/ = !

where N  is the number o f data points in the set in each study with a constant Fr\ value.

Taylor’s (1944) experimental data presented the variation o f /  with rp_ for a 90° 

junction at four particular values o f Fr\. Fig. 4.12 (a) shows a comparison between 

Taylor’s (1944) experimental data and the proposed model results while including the 

calibrated coefficients. The good agreement obtained between the computations and the 

data, using one set o f  coefficients for each Fr\ value, indicates that the values o f  Kj i , K j 1, 

and C  are independent o f the discharge ratio. However, the variation in these coefficients 

may be dependent on the junction angle, the width ratio, and the upstream Froude 

number.

G race’s (1958) and Law’s (1965) experimental data included the variation o f /  

with 72 for different values o f Fr\. G race’s (1958) data included this variation for 

different junction angles and for different width ratios. Since Kji, Kdi, and C  have been 

found to be independent o f the discharge ratio, each of these data sets, for which the
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junction angle and width ratio were held constant, was divided into ranges o f  Fr\ values. 

For each range the values o f the three coefficients were then calibrated.

Table 4.3 presents the values o f the calibrated coefficients for each experimental 

setup and Fr\ value or range. The comparison between the Kd\ and K<n values indicate 

that, for these experimental setups, the separation in the main channel is less significant 

than that in the lateral channel. For Taylor’s (1944) data, the calibrated coefficients 

indicate that K<n can be considered independent o f  the upstream Froude number. The 

values also indicate that Kd\ may be also considered constant for different values of Fr\, 

if  for F r| =0.374 the calibrated Kd\ is considered anomalous (with Taylor’s (1944) 

Grace’s (1958) and Law’s (1965) calibrated Kd\ for 90° junction angles). Thus, an 

average value o f  /Cji=0.01 can be used for all Fr\ values. The centrifugal coefficient is 

the only coefficient that seems to vary with Fr\ for Taylor’s (1944) data. The value o f  C 

decreases as the upstream Froude number increases. This may be attributed to the 

hydraulic jumps that are initiated in the main channel extension at high upstream Froude 

numbers. These jumps disturb the flow at the junction such that the centrifugal effects 

may no longer be significant.

For Law’s (1965) experiments. Table 4.3 indicates that the separation shear in the 

lateral channel is the only significant force and Kd2 can be considered constant for the 

different values o f Fr\. G race’s (1958) experimental data show the effect o f  the junction 

angle and the width ratio on the coefficients. An increase in Kji with the junction angle 

can be noted from the table. However the change in the width ratio does not seem to have 

a significant effect on the Kd2 values. No trend for the variation o f Kd\ or C with the 

junction angle, or the width ratio, can be deduced.

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In practice Kj i, K j\, and C should be treated as calibration coefficients. These 

coefficients were found to be independent o f the discharge ratio and may be considered 

constant over narrow ranges o f  Fr\ values but were dependent on geometry. For irrigation 

channel systems, the variations in the depth and the velocity cause small changes in the 

Fr\ values, thus the coefficients can be calibrated for certain geometry at known flow 

conditions and then the same values can be applied for different flow situations.

4 J .2  The Final Model Results

Figs. 4.12-4.18 present the comparisons o f the proposed momentum approach 

with Taylor’s (1944), G race’s (1958) and Law’s (1965) data for their different 

experimental setups. For each setup in G race's (1958) and Law’s (1965) experiments, the 

data is divided into ranges o f  Fr\ values and the coefficients are calibrated for each range. 

Then an average Fr\ value is computed for each range and is used, with the calibrated 

coefficients and the measured lateral channel depth ratios, to compute the discharge 

ratios. In each o f these figures three plots are presented: the first shows the variations o f /  

with #>; the second presents the computed discharge ratios versus the measured ones; and 

the third presents the computed main channel depth ratios versus the measured ones. In 

the first plot the computations are presented for the average Fr\ values while the 

experimental data are presented for the corresponding ranges o f  Fr\ values. For the 

second and third plots o f each figure, the computations are presented at the actual Fr\ 

values and a 45° line is plotted for comparisons. The figures show fair agreement 

between the computations and the measurements.
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4.4 Comparison with Previous Theories and Energy Approaches

Law (1965) presented a theoretical approach to the problem o f dividing open 

channel flows for a 90° junction o f  channels o f equal width. He divided the junction into 

two control volumes; one for the main channel flow and the other for the lateral channel 

flow. For the main channel analysis. Law (1965) applied the momentum equation in the 

main channel direction and included the component o f the hydrostatic pressure force 

acting on the dividing streamline. He also applied the continuity equation and put it in 

terms o f the Froude numbers Fr\ and Fry. Combining the two equations, momentum and 

continuity, Law (1965) was able to relate the discharge ratio to the Froude numbers in the 

following equation:

Law (1965) simplified Eq. (4.32) and obtained a linear approximation between 

the discharge ratio and the Froude numbers ratio where:

Law (1965) also applied the conservation o f energy neglecting losses to the main 

channel control volume. After simplification he obtained the same linear approximation, 

Eq. (4.33). However, the error term resulting from the energy simplification was larger 

than that resulting from the momentum equation. Consequently, Law' (1965) 

recommended the use o f  the momentum approach for the main channel analysis.

The analysis o f  the lateral channel was based on applying the momentum equation 

in the lateral channel direction. Law (1965) included a contraction coefficient, c, to

(4.33)
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account for the effect o f  the separation zone in the lateral channel and he assumed that 

r j\- \. He obtained the following equation for the lateral channel control volume:

Law (1965) attempted to extend his theory to include divisions with different 

angles. The equation for the main channel extension remained the same as Eq. (4.32). 

However, the lateral channel equation included the component o f  the momentum flux in 

the main channel and was modified to:

Nevertheless, the contraction coefficient, c. needed to be determined for each particular 

combination o f F r \, c, <>'and rf>.

Tran (1989) presented another theoretical approach for the 90° flow divisions. He 

divided the junction into two control volumes: the first was for the main channel flow and 

the second was for the lateral channel flow and ended at the lateral channel entrance 

section. He applied the momentum equation to the lateral channel control volume to 

compute the component o f the momentum transfer between the two channels in the main 

channel direction. Then, by applying the momentum conservation to the main channel 

control volume and including the momentum transfer, Tran (1989) was able to express 

the discharge ratio in terms o f Fr\ and rj\ through the equation:

f  \ 3 i r7 l _ TzJ _ 2Fr! *
7i 1 7. J c (4.34)

(4.35)

(4.36)

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It should be noted that Tran’s (1989) equation does not include any lateral channel 

variables. Therefore, Tran (1989) pointed out that it could be used for any branch channel 

flow conditions and its verification did not need lateral channel depth measurements.

Figs. 4.19-4.31 present the comparisons between the proposed momentum 

approach and each o f  Law’s (1965) theory and Tran’s (1989) theory. For this 

comparison, Taylor’s (1944) experimental data is employed in Figs. 4.19-4.22. Figs. 

4.23-4.29 employ Law’s (1965) data, while Figs. 4.30-4.31 employ G race’s (1958) 

experimental data for the 90° junction. Equations (4.32) and (4.34) are used to compute /  

and rfi to plot Law’s (1965) theory. Tran’s (1989) equation, Eq. (4.36), for the main 

channel extension is used twice. First, to compute / ,  when Fr\ and rj\ are employed as 

inputs, and second, to compute rj\, when Fr\ and / a r e  the inputs. In Figs. 4.19-4.31, plots 

(a) present the measurements at the actual Fr\ values and all the theoretical computations 

are carried out at the average Fr\ value printed on each plot. In plots (b) and (c) o f each 

figure, the computations are carried out at the actual Fr\ values.

The comparisons with Law’s (1965) theory show that the model predictions are in 

better agreement with the experimental data especially as rf± increases. The proposed 

approach does not rely on the assumption that rj\=\. This assumption may be 

unreasonable in flow division problems due to the considerable energy losses associated 

with these problems. The comparisons with Tran’s (1989) theory indicate the superiority 

o f the proposed theory. For most o f  the data sets, Tran’s (1989) theory does not 

accurately compute the discharge ratio and does not reflect the correct variation o f  /w ith  

rjz. Further, The present model directly solves the flow division problem, using the
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boundary conditions provided, Fr\ and #>, for the required discharge split and upstream 

depth.

Figs. 4.19 to 4.31 also present a comparison between the proposed theory and the 

two energy approaches. The first is the common approach of the equality o f  the water 

surface elevations, 71= 72= 1, which neglects the differences in velocity heads and energy 

losses. The second is the simple approach that neglects energy losses. The figures 

indicate that the first approach, represented by the vertical line at 72= 1, does not reflect 

the experimental data and the discrepancy increases as the inflow Froude number 

increases. Including the differences in velocity heads, in the second approach, improves 

the energy predictions by reflecting the trend o f the data. However, the predictions o f  the 

discharge ratio are still not accurate. This can be attributed to the significant losses that 

are occurring in the lateral channel that cannot be neglected.

The advantage o f the proposed momentum approach is that it includes all the 

physical effects such as the boundary friction forces and the separation and centrifugal 

effects and thus may be scaled to real world situations without affecting the accuracy of 

the predictions. Further, the momentum is applied in the streamwise direction and thus 

the model can handle different junction geometries whereas the previous theories are all 

limited to the 90° junctions and channels o f equal width. In addition, the proposed model 

can be easily implemented in open channel network problems since the handling the 

dividing junctions will be consistent with that o f  combining junctions and that o f  channel 

reaches.
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4.5 Summary and Conclusions

A one-dimensional theoretical model providing the interior boundary conditions 

for subcritical dividing junction flows was developed. The junction was divided into two 

control volumes. The conservation o f momentum was applied to each o f the two control 

volumes in the respective streamwise direction together with overall mass conservation. 

Given the upstream Froude number and each o f the main and the lateral channel 

downstream depths, the model could be solved for the discharge ratio and the upstream 

depth. The model was validated through comparison with the experimental measurements 

from previous studies.

The boundary friction forces, the separation zone shear forces in the main and the 

lateral channels, and the centrifugal pressure force were included in the analysis. Two 

separation shear coefficients and a centrifugal coefficient were introduced to compute 

these forces. Experimental measurements from the technical literature were used to 

explore the variations in these coefficients with the different parameters governing the 

flow such as the upstream Froude number, the discharge ratio, the junction angle and the 

width ratio between the lateral channel and the main channel.

It was found that the predictions o f  the proposed momentum approach gave good 

agreement with the available experimental measurements. Including the lateral channel 

separation zone was found to be significant in the analysis o f dividing junction flows. 

The three coefficients were found to be independent o f  the discharge ratio and for limited 

ranges o f  the upstream Froude number. They mainly varied with geometry. However, no 

trend for this variation could be deduced.
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A comparison between the proposed theory and previous momentum theories 

proved the superiority o f the proposed approach especially for large downstream depth 

ratios. The advantage o f the proposed approach is that it does not rely on any simplifying 

assumptions and it can handle any junction angle and any width ratios while the previous 

theories are limited to a junction angle o f  90° and channels o f  equal width. Further, the 

proposed approach models all the physical effects such as the boundary friction and thus 

may be scaled up to real world applications. Applying the momentum in the streamwise 

direction makes handling o f  the dividing junctions consistent with that for the channel 

reaches. This facilitates incorporating the theory into open channel network models to 

provide the interior boundary conditions governing dividing junction flows.

A comparison between the currently used energy approaches which handle 

junctions in network models and the proposed momentum approach was performed. It 

was found that the predictions o f the momentum approach for the discharge ratio and the 

main channel depth ratio were better than these energy approaches.
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Author S ay F r t *12 c

Taylor (1944) 90° 1.0

0.632
0.447
0.374
0.200

0.700
0.669

0.635
0.586

0.003
0.029

0.206
0.014

0.000
0.174

0.360
0.805

L aw (1965) 90° 1.0

0.70-0.83
0.61-0.69

0.52-0.60
0.40-0.50
0.30-0.40

0.22-0.29

0.15-0.19

1.632
1.140

0.966
0.957
1.211

1.003
1.227

0.025
0.000
0.000
0.000
0.000

0.000

0.000

0.000

0.000
0.048
0.080
0.000

0.000

0.000

Grace (1958) 30° 1.0

0.50-0.67

0.40-0.49
0.31-0.40
0.20-0.30
0.12-0.19

0.588
0.419
0.324

0.468
1.171

0.016

0.033
0.017

0.000

0.157

0.196
0.554

0.532
0.294

0.000

G race(1958) 60° 1.0
0.30-0.40

0.20-0.30

0.13-0.20

1.295

0.538
0.121

0.008
0.157

0.095

0.243
0.344
0.857

G race(1958) 90° 1.0
0.20-0.28

0.11-0.20

1.270

0.946

0.000

0.000

0.308

2.015

G race(1958) 120° 1.0
0.20-0.30

0.16-0.18

1.508

1.872

0.000
0.000

0.157

0.000

Grace (1958) 30° 0.4
0.20-0.28
0.10-0.20

0.05-0.10

0.524

0.381
0.904

0.033

0.034

0.000

0.205
0.491

0.000

TABLE 4.3. The Calibrated Coefficients for Previous Studies
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Fig. 4.4 Comparisons Between Taylor's (1944) Data and the Model Predictions Using Eqs. (4.6)
and (4.7) for the Pressure and Eq. (4.17) for the Lateral Channel Separation Shear
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Fig. 4.25(a-c) Comparing the Proposed Theory with Law's (1965) Theory. 
Tran’s (1989) Theory and the Energy Approach Using Law 's (1965) Data

0.52 < Fr, < 0.60

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(a)
1.6 -|
1.4 - 
1.2 - 
1.0 - 

£  0.8 - 
0.6 - 
0.4 - 
0.2 -
0.0 -I---------- r—

0.50 0.60

Fr ,= 0 .45

0.70 0.80
H2

0 0.40<F> ,<0.50
Present Theory

 Law's (1965) Theory
 Energy Approach
 Tran's (1989) Theorv

0.90 1.00

w
3
f i .s
9W

o Present Theory

■ Law’s (1965) Theory

a Energy Approach
0.8

0.6

0.4

0.2

0.0

•  Tran's (1989) Theory

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
£  measured

3&
EeV

1.00

0.96

0.92

0.88

0.84

0.80

0.76

o Present Theory 

■ Law's (1965) Theory 

a Energy Approach 

•  Tran's (1989) Theorv

0.76 0.80 0.84 0.88 0 3 2  0.96 1.00 
rj, measured

Fig. 4.26(a-c) Comparing the Proposed Theory with Law’s (1965) Theory. 
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Fig. 4.28(a-c) Comparing the Proposed Theory with Law's (1965) Theory . 
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C hap ter 5 

Applications

5.1 Introduction

In this chapter two applications for the models developed in Chapters 3 and 4 are 

presented. The first application is based on the dividing junction model. A sample design 

chart for computing the discharge split for different combinations o f downstream 

boundary conditions is presented. The chart can be developed after calibrating the 

coefficients, K<n, Kdi, and C, for the range o f  upstream Froude numbers occurring at this 

junction. In the second application, the implementation o f the combining and the dividing 

junction models into an open channel network is presented. Two simple networks 

analogies are considered; an irrigation system or a water treatment system, and a river cut 

off. The significance o f the combining and the dividing flow models’ coefficients on the 

discharge split computation is assessed. Comparisons between the results o f applying the 

present model and the currently used energy approaches at the junctions are presented.

5.2 Design Charts*

Based on the dividing flow equations derived in chapter 4, a set o f design curves 

is developed for a hypothetical dividing junction (Fig. 5.1). A similar chart can be 

developed for any junction after calibrating the dividing flow coefficients. As mentioned 

in the previous chapter the variations in the upstream Froude number are limited for cases 

such as irrigation networks. Since the dividing flow coefficients were found constant for 

limited ranges o f  upstream Froude number, they can be calibrated for the range o f  Froude

* The main content o f  this section is included in the article (under review) referred to in chapter 4.
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numbers occurring at this junction. Each curve gives the variation o f  the discharge split 

with the upstream Froude number for a specific conveyance ratio for the downstream 

channels.

The downstream boundary conditions are usually specified as rating curves that 

can be put in the general forms:

(5.1)
c 2

for the lateral channel and for the main channel extension:

(5 2 )
<■*3

where: Kc2 and Kci represent the conveyances o f  sections 2 and 3, respectively, and n2 

and depend on the type o f resistance equation used. For simplicity, it is assumed that 

n2=n2=n. Dividing Eq. (5.1) by Eq. (5.2) gives the non dimensional form for the 

downstream boundary condition:

f - V
* 1 (5.3)7 ’ = K c

l ( l - c )

where the variation in the conveyance ratio, KC=KC}/Kc2, reflects the combined effect o f 

the various boundary conditions in the downstream channels. Employing the calibrated 

values o f K K j i, and C, the three equations, (4.29), (4.30) and (5.3), can then be solved 

for the values o f  c, 71 and tfi for the different values o f the upstream Froude number Fr, 

and the conveyance ratio Kc.

Fig. 5.2 presents the design curves for a junction o f two rectangular channels with 

equal widths, a Chezy coefficient o f 12. an upstream aspect ratio, a i= 8 , n=0.6; K$>, K&u 

and C are chosen based on Table 4.3. The figure indicates that for the hypothetical case
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where F r \—*0 and both downstream channels have the same conveyance, that is ATt-= 1, the 

inflow discharge splits equally between the two downstream channels, ^ 0 .5 .  For Kc= 1, 

the discharge ratio decreases as the upstream Froude number increases. This can be 

attributed to the effect o f  the asymmetrical forces at the junction where the lateral channel 

separation shear is considered to be more significant than that o f the main and thus less 

flow goes to the lateral channel. The figure also shows the limiting curves for the flow in 

each downstream channel in this junction. For these cases, the flow in the downstream 

channel becomes critical and any increase in the upstream Froude num ber causes the 

discharge ratio to follow the limiting curve. It can be concluded from the trend o f the 

curves that for low values o f  the upstream Froude number and as the conveyance ratios 

increases the discharge ratio becomes independent o f  F r (.

Fig. 5.3 shows the discharge split for a symmetrical junction geometry (Fig. 4.10) 

where the two downstream channels have the same width and take o ff at equal angles. 

3\=S±. For this case the separation shear coefficients are considered to be equal, 

£di=Kd2=0.4, and the centrifugal forces go to zero, C=0. The figure shows that the 

discharge splits equally between the downstream channels when they have the same 

conveyance, ATC=1, for all values o f the upstream Froude number. Further, the alternate 

conveyance ratios, ATC=0.8 and Kc= 1/0.8, give symmetric discharge splits between the two 

downstream channels.

Fig. 5.4 shows the design chart for an asymmetrical junction geometry where the 

lateral channel takes o ff the main channel with a width ratio *y;=0.5. The figure indicates 

that the lateral channel reaches the critical limiting curve at lower values o f  Fr\ than 

those causing the flow in the main channel to become critical. Fig. 5.5 shows the
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complementary case to that in Fig. 5.4 where the lateral channel takes o ff at a width that 

is 1.5 times that o f  the main channel.

Fig. 5.6 shows a sample design chart for a large scale river junction where the 

aspect ratio is 100. For this case, the high aspect ratio causes an increase in the magnitude 

o f the frictional resistance to become o f the same magnitude as the pressure forces. This 

causes a decrease in the downstream depths in such a way that they reach their critical 

states at low values o f Fr\. This is verified through the case plotted in Fig. 5.7 where the 

frictional resistance is highly reduced by increasing the non dimensional Chezy 

coefficient to be 20 (and keeping the large aspect ratio). The figure shows that the 

upstream Froude number required to cause the downstream channel to reach their critical 

state increases to values comparable to those o f the original asymmetrical junction 

geometry (Fig. 5.2) with equal widths, C*=12, a i=8, and n=0.6.

5 3  Junction Formulation in an Open Channel Network Model

53.1  Setup

In this section two open channel networks are considered. The networks are 

hypothetical cases set up to show the implementation o f the junction models into a 

network model. The first application is an idealization for an irrigation network or a 

water treatment system and is schematically shown in Fig. 5.8. The second application is 

a river cutoff as shown in Fig.5.9. The two applications are set up to have different 

conveyance ratios: in Fig. 5.8 the main channel conveyance is larger than that o f  the 

lateral channel and in Fig. 5.9 it is the opposite case. This is achieved by the choice o f  the 

direction o f the land slope at the site and the lengths o f the channels downstream o f  the

171

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dividing junction for each case. Therefore, two discharge splits, 0.5 and £>0.5, are 

created for the irrigation system and the river cutoff, respectively.

In each of the two applications, rectangular sections o f  equal widths and 

subcritical flow are maintained throughout the network. The downstream boundary is 

specified for each network such that uniform flow is achieved at section 9. For the 

irrigation network, an average slope, Sa2, is determined for the lateral channel based on 

the bed slope chosen for the main channel, S0|, where:

(5.4)
^ H A - B )

where: L ^ a-b) is the distance along the centerline o f the main channel between the two 

cross sections at points A and B, and Z^m-s) is the distance along the centerline o f the 

lateral channel from the section at A to that at B. In case o f the river cutoff, the slope o f 

the main meandering channel, S„(, is determined, based on the bed slope in the lateral 

channel direction, in the same manner.

For subcritical flow in each network, the exterior boundary conditions are 

specified as the inflow discharge and the downstream depth or rating curve (depth 

discharge relationship). The flow computation is carried out from the downstream o f the 

network towards the upstream to obtain the discharge and the flow area at each cross 

section. The equations required are divided into 3 types: channel segment equations, 

combining junction equations and dividing junction equations. The continuity and the 

one-dimensional momentum equations (Saint Venant Equations) used for the channel 

reaches can be written in a discrete form as follows:

Q , - Q ^ =  0  (5.5)
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4*i 4
s. —' - . v- ' — — ^

Momentum

'i+> t
y U *1*1 y 4 - , ‘C. /♦i y

, 2

WeightPressure Friction

where: subscript i indicates the upstream cross section o f the channel control volume and 

subscript z+1 indicates the downstream section o f the control volume, ds represents the 

curvilinear length o f the control volume along it centerline and dz is the difference in bed 

elevation between the upstream and the downstream sections o f the control volume.

At the junctions, the conservation o f mass is applied together with either of: the 

momentum conservation equations presented in chapters 3 and 4; the conservation o f 

energy while neglecting losses; or the common energy approach o f neglecting losses and 

velocity heads and assuming equal water surface elevations. The continuity and 

momentum equations used at the combining junctions in the discrete form can be given 

as follows:

Q] +Q2 - Q >=  0 (5.7)

Q &  QC = £
A, A, 2

' 4 2 A f (Q<) >8 4  4 h ( Q 0 h
b, b3 [ q j 8 ri

-cTi

u\

Momentum Hydrostatic Pressure Convergence Pressure

h (Qt} - K ‘ f QA
■>

( Q : )

■y
4 4 ~2b}QiQ2 '

A f C . 2 4 'v 4 ) v A2 / A  b2_
(5.8)

Friction Interfacial Shear

dz ,

Weight

for the main channel control volume and for the lateral channel control volume:
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Q2Q1 Qi g

1
1J

»J
1 ( Q z ) Ax Ay

b , ( Q l ) ~by
A , Ay 2 by b} l a j 8 A  + bi _

ui
kQi /

Momentum Hydrostatic Pressure Convergence Pressure

Q ? l2 h , ^1 + AT* f 01l
2

f02]
1

~ A + A ~ ~2b,QxQ2'

A f C 2
3

y V < 4  y ^2 / A  b2-
Friction Interfacial Shear

Ay + Ay dZy ~

Weight

K 02 *1 
b2Q}A2

Separation Shear

(5.9)

where: subscript land  2 represent the main channel and the lateral channel upstream 

sections and subscript 3 represent the main channel downstream  section. For the dividing 

junctions, the mass and momentum conservation formulations used can be given in the 

dimensional form as follows:

(5.10)

Q 2 Q &  g b ■I-
1:

.
1 * 

l-rf
__

_
J

Ay + A. ( o A dzx
A  A  2  3I K  K . 2 ^Q\ J_
Momentum Net Pressure

f  \  t

Weight

Q\'L\
A ' C . 2

£
\Q\  /

+ c QiQ\ Abi
{ A b\):

b} - b x
vki y

Friction Centrifugal Effect Separation

(5.11)

Qi QiQ\ _ g  b
Ay A, 2 2

A 2
by2

Ay + A. rQi' dZy ~

Momentum
VV'l j  j

Net Pressure

a 2c 2
A h '

' l a  J
+•A

b,

Friction Separation

Weight
(5.12)
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Numerical models o f  open channel networks currently employ conservation o f 

energy or assume equal water surface elevation at the end points o f  the intersecting 

channels for treatment o f  junctions. Comparisons between the momentum model and 

these approaches are performed. The energy conservation equations used at the 

combining and dividing junctions are:

2 , 2 Q3:
2gA { 2gA}

Qi

■ + dz, +

Q i
2gAS 2gA ,

— + dz 2 +

A,

 ̂
1i

A *3.

ril 
 ̂

1 A3

r 
. <> *3

= 0

= 0

(5.13)

(5.14)

with the same subscript notation as the momentum equations. The equal water surface 

elevation employ the same equations, (5.13) and (5.14), but without the velocity head 

terms.

An inflow discharge o f 34 m3/s and a non-dimensional Chezy C» o f 11 are 

specified for the two networks considered. The cross section width throughout the 

irrigation network is taken to be 15m and that throughout the river cutoff is 20m. The 

lengths o f the control volumes, ds, are presented in Table 5.1 and Table 5.2 for the 

irrigation network and the river cutoff, respectively.

5.3.2 Results

The set o f non linear equations for each network is solved, using the TK Solver 

that employs the Newton Raphson procedure, for the discharges and the areas o f the cross 

sections. Tables 5.3-5.11 present the results o f  the implementation o f  the three junction 

models (momentum, energy conservation and equal water surface elevation) into the two
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networks considered. In Tables 5.3-5.7 the results for the irrigation system are presented 

and those for the river cutoff are presented in Tables 5.8-5.11.

Table 5.3 shows the results o f applying the momentum equations at the two 

junctions. The values for the combining and the dividing junction coefficients are chosen 

based on Figs. 3.14(a-b) and Table 4.3. A factor, .t, is added to the model in order to 

increase or decrease the lengths o f the control volumes. Table 5.3 includes 7 runs for the 

model through the network where the main channel slope and the lengths o f  the control 

volumes are varied to create different Froude numbers upstream o f the dividing junction, 

Fri. The variation o f  the computed discharge ratio with Fr2 is compared to the design 

chart in Fig. 5.2. Since the design chart is developed with uniform flow depths 

downstream the junction, the normal depths at sections 31 and 32, yn3 i and v’„3: are 

computed for each run. This is done to check that all backwater effects propagating 

upstream from the combining junction are diminished as the computations reach the 

dividing junction and approximately uniform flow is established at these sections. If this 

is not satisfied the network lengths are increased using the factor x. Table 5.3 shows that 

the Fr2 values range between 0.58 and 1. For this Fr2 range, the discharge ratio decreases 

gradually from 0.38 to 0.33. Fig. 5.10 shows a comparison between this variation and the 

design chart Fig. 5.2. Fig. 5.10 shows that the results o f the discharge split for this 

conveyance ratio, Kc= 1/0.89, for the network junction agrees with that in the design chart. 

The small discrepancy can be attributed to the differences in aspect ratios, the values o f 

C», and the value o f n in the non-dimensional equation for the rating curves, Eq. 5.3.

Table 5.4 presents the significance o f including the dividing and combining 

coefficients in the momentum computations. Four cases with the same main channel
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slope, S„i=0.003, and the same factor .r=2 (that diminishes backwater effects) are 

presented. In the first run all the coefficients are included in the computations, in the 

second run the coefficients are all set to zero, in the third only the dividing flow 

coefficients are included, and in the last run only the combining flow coefficients are 

included. The resulting discharge splits for the first two runs show that not including all 

coefficients in the computations causes a 7% increase in the discharge ratio. The third run 

indicates the importance o f the dividing flow coefficients. Including the dividing flow 

coefficients only, produces comparable results as those obtained in the first case, where 

all terms are considered. The fourth run verifies the importance o f the dividing 

coefficients and the insignificance o f the combining flow coefficients because the 

resulting discharge split is similar to that obtained when none of the terms is considered.

Table 5.5 presents the comparison between the results o f the three approaches 

handling the junctions in the network: the momentum approach, the energy approach, and 

the equal water surface elevation. Four runs are presented in four sub-tables where the 

main channel slopes are 0.0008, 0.001, 0.0012 and 0.0015 with factors x  o f  1.9, 1.9, 1.6, 

and 1.2, respectively. For each run, six comparison cases are presented: four for the 

momentum approach similar to those in Table 5.4 and the last two for applying equal 

water surface elevation and energy conservation. All the runs presented in Table 5.5 have 

backwater effects propagating upstream to the dividing junction.

Table 5.5 shows that there is a discrepancy o f  about 8% in the discharge ratio 

between the two energy approaches and the momentum approach. It can be noted that 

even neglecting all the secondary forces in the momentum approach (i.e setting all the 

coefficients to zero) gives less discrepancy, in the resulting flow split, than the energy
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approaches. Fig. 5.10 indicates that the discrepancy in the flow split between the energy 

approaches and the momentum approach will decrease as the conveyance ratio increases 

because the curves become more flat and insensitive to the variation in the Froude 

number upstream o f the junction.

Tables 5.6 and 5.7 present the results o f applying the equal water surface 

elevations and the energy conservation, respectively, at the junctions. Different main 

channel slopes are tested, each with different factors, x, to create a range o f Froude 

numbers, Fri. For cases in which backwater effects are propagating up to sections 31 and 

32, the yji and y n  cells are shaded in the table. The tables show that the resulting flow 

split values are almost constant though the Fri values are increasing from 0.34 to 1. This 

may be due to the effect o f  the backwater. Further, the case in column 2 o f  table 5.3 when 

compared to that in column 16 of Table 5.6 (same slope, and factor x  and with no 

backwater effects) indicates a discrepancy o f  6% in the discharge ratio between the 

momentum and the equal water surface elevation approaches.

Table 5.8 presents the results o f applying the momentum model at the junctions to 

the river cutoff network. The table gives the variation o f the discharge split with the 

Froude number upstream o f the dividing junction for a conveyance ratio, ATC=0.65 and no 

backwater effects. It should be noted that for this case, /decreases from 0.64 to 0.48 with 

the increase in Fri from 0.49 to 0.96. This variation shows that the effect o f  the upstream 

Froude number, at this conveyance ratio, on the discharge split is more significant than 

the case o f the irrigation network. The variation o f c  with Fri is plotted on the design 

chart in Fig. 5.2 to give Fig. 5.11. Fig. 5.11 shows that for this network also the results 

are coinciding fairly well with the curves in the design chart.
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Table 5.9 presents the effect o f including the junctions’ coefficients in the 

computations. The set up o f the table is similar to Table 5.4. The table verifies the 

conclusion that the dividing flow coefficients are more significant than the combining 

flow coefficients.

Table 5.10 presents the comparison between the different approaches for handling 

the junctions in the river cutoff network. The table includes two sub-tables for the two 

flow cases (S„2=0.001 with .r=2.5 and 5O2=0.002 with .r=2.2) chosen for this comparison. 

The table indicates that there is a discrepancy o f  7%-10% between the energy approaches 

and the momentum approach.

Tables 5.11 and 5.12 present the resulting discharge ratio obtained from applying 

the equal water surface elevation and the energy conservation approaches, respectively, at 

the junctions o f  the river cutoff. For the energy conservation approach, all the cases 

presented have backwater effects. For the equal water surface elevation approach, few 

cases can be shown with no backwater effects and can be used for comparison with the 

momentum approach. Comparing the run (SO2=0.003 and .t=2.9) presented in Table 5.10 

in column 12 with that in column 3 o f Table 5.8, it is concluded that there is a 10% 

discrepancy in the computed discharge ratio between the momentum approach and the 

equal water surface elevation. This discrepancy is more than the 6% noted in the 

irrigation network. This indicates that as the conveyance ratio increases, and the 

discharge split becomes less dependent o f the upstream Froude number, the discrepancy 

between the results o f  the different approaches handling the junction tends to diminish.
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5.4 Summary and Conclusions

Two applications for the junction models were presented. The first application 

based on the dividing junction model was a design chart. The second application 

combined the dividing and the combining junctions’ models and showed their 

implementation into a network model.

The design chart could be developed for any dividing junction after calibrating the 

model coefficients Kd\, K<ti and C. The chart could facilitate the computation o f the 

discharge split for any set o f upstream and downstream boundary conditions. Further, the 

chart gave the limiting cases for the flow in the downstream channels where the flow 

became critical and was not affected by the downstream boundary condition. Sample 

design charts were developed for different junction geometries. The charts showed that 

the decrease in the lateral channel width caused the flow in that channel to reach its 

critical state at low values o f the upstream Froude numbers. The large increase in the 

aspect ratio had the same effect. Finally, it was concluded that the discharge split became 

independent o f  the upstream Froude number as the conveyance ratio increased.

Two examples were presented to show the implementation o f the junction models 

into a river network. The model equations set up for the channel segments, the combining 

junctions and the dividing junctions were presented. The exterior boundary conditions 

and the fixed variables for each network were specified. Different slopes and control 

volume lengths were run for each network to create different Froude numbers upstream 

o f  the dividing junctions. The variation o f the discharge split with the Froude number in 

each network was plotted and compared to one o f the design charts developed in the first 

application. The significance o f  the dividing and the combining flow coefficients was
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assessed. Further, comparisons between the application o f  the momentum model 

equations, the equal water surface elevations and the conservation o f  energy at the 

junctions were performed. It was found that the variation of the discharge split with the 

upstream Froude number for the dividing junction in the network model conforms with 

the design chart when there were no backwater effects. The dividing flow coefficients 

were found to be more significant than the combining flow coefficients. A discrepancy in 

the discharge split was noted between the momentum approach and the two energy 

approaches. This discrepancy was found to decrease as the conveyance ratio tends to the 

conveyance at which the discharge ratio became independent o f the Froude number 

upstream o f  the dividing junction. This indicated that for most real world cases with low 

Froude numbers and high conveyance ratios, employing equal water surface elevation in 

the computation would give good results. However, as the Froude numbers increase or 

the conveyance ratios decrease the accuracy o f the resulting discharge ratio may be 

questionable.
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c .v . / 21 22 31 32 41 42 51 52 61 62 72 82 92 102 71 112 8
t/v (m) 50 60 60 75 50 75 50 75 50 75 50 56.4 55 55 55 75.5 78.8 50

Table 5.1 The Lengths of the Control volumes for the Irrigation Network (.v=l)

C.V. / 21 22 31 32 41 42 51 52 61 62 71 81 91 101 111 121 131
t/v (m) 50 60 60 60 50 60 50 60 50 60 50 60 60 55 50 50 50 50

C.V. 141 151 161 171 181 191 201 211 72 8
t/v (ill) 55 60 60 60 60 60 60 60 53.2 50

Table 5.2 The Lengths of the Control volumes for the River Cutoff (.v=l)
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00Lh

Approach M omentum W SE Energy

Fr 2 0.3476 0.3584 0.3482 0.3577 0.3831 0.4040
0  ji (cu.m/s) 22.122 21.114 22.342 20.939 19.3178 19.1193

y »  (m)
m u

■ t i l i ^ | m u m m
y n s i ( m ) 1.4007 1.3595 1.4095 1.3523 1.2845 1.2761

Q n  (cu.m/s) 11.878 12.886 11.658 13.061 14.6822 14.8807

y n ( m ) I t t m NIKISW K tM
1.0651 1.1214 1.0526 1.131 1.2181 1.2286

(> 9 (cu.m/s) 34 34 34 34 34 34

A  ,  (m 2) 27.73 27.73 27.73 27.73 27.7297 27.7297

.M * ") 1.8486 1.8486 1.8486 1.8486 1.8486 1.8486
l/ 9(m/s) 1.2261 1.2261 1.2261 1.2261 1.2261 1.2261

*

A 0.2 0 0 0.2
K 0.4 0 0 0.4
C 0.1 0 0.1 0

0.1 0 0.1 0

*12 0.8 0 0.8 0
-V 1.9 1.9 1.9 1.9 1.9 1.9

0.0008 0.0008 0.0008 0.0008 0.0008 0.0008

*̂ «2 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
Kc 1.1215 1.1215 1.1215 1.1215 1.1215 1.1215

4  .. 0.3403 0.379 0.3429 0.3842 0.4318 0.4377

M omentum W SE Energy
0.4136 0.4314 0.4142 0.4304 0.4700 0.5263
21.968 20.855 22.132 20.731 19.2982 19.0742

1.2985 1.2561 1.3046 1.2514 1.1957 1.1869

12.032 13.145 11.868 13.269 14.7018 14.9258

m i H H H I H i m m
1.0008 1.0583 0.9922 1.0645 1.1359 1.1468

34 34 34 34 34 34

25.79 25.79 25.79 25.79 25.7900 25.7900
1.7193 1.7193 1.7193 1.7193 1.7193 1.7193
1.3183 1.3183 1.3183 1.3183 1.3183 1.3183

0.2 0 0 0.2
0.4 0 0 0.4
0.1 0 0.1 0
0.1 0 0.1 0
0.8 0 0.8 0
1.9 1.9 1.9 1.9 1.9 1.9

0.001 0.001 0.001 0.001 0.001 0.001
0.0007 0.0007 0.0007 0.0007 0.0007 0.0007
1.1215 1.1215 1.1215 1.1215 1.1215 1.1215
0.3539 0.3866 0.3491 0.3903 0.4324 0.4390

Table 5.5 Com paring the M omentum Approaeh Results with the Conserv ation of Energy and 
the Equal W ater Surface Elevation Approaches at the Junctions (with Backwater Effeets)
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Approach Momentum WSE Energy Momentum WSE Energy

*>2 0.2263 0.235 0.2279 0.2329 0.2415 0.2446 0.4457 0.4953 0.4489 0.4904 0.5801 0.7582
(>3 , (cu.m/s) 10.604 8.1847 10.246 8.6379 7.9994 8.5718 11.792 9.6388 11.676 9.7845 8.5711 9.6063

y  3i (m) ■ M l H I
h H I H h H H H m a m m m i m H m a

1.0654 0.9068 1.0428 0.9377 0.8940 0.9332 0.9174 0.8096 0.9118 0.8171 0.7529 0.8079

Q n  (cu.m/s) 23.396 25.815 23.754 25.362 26.0006 25.4282 22.208 24.361 22.324 24.216 25.4289 24.3937

y  32 (m)
y n J2 <m)

Q,, (cu.m/s)

A » (m*)

3*9 (•**)
r 9 (m/s)

A

K

<12
X

S ul

S *
he

1.1103

34

44.622
2.2311
0.762

0.2
0.4
0.1

0.1
0.8
2.5

0.0002
0.001

0.6472
0.6881

1.1808

34

44.622
2.2311
0.762

0
0
0
0
0

2.5

0.0002
o.ooi

0.6472
0.7503

34

44.622
2.2311
0.762

0

0.1

0.1
0.8
2.5

0.0002
O.OOI

0.6472
0.6086

1.1678

34

44.622
2.2311
0.762

0.2
0.4
0
0
0

7.5

0.0002
o.ooi

0.6472
0.7459

1.1861

34

44.6216
2.2311
0.7620

2.5

0.0002
O.OOIO
0.6472
0.7647

1.1697

34

44.6216
2.2311
0.7620

2.5

0.0002
O.OOIO
0.6472
0.7479

0.8663 0.9175 0.8691 0.9141 0.9423 0.9183

34 34 34 34 34 34

35.71 35.71 35.71 35.71 35.7099 35.7099
1.7855 1.7855 1.7855 1.7855 1.7855 1.7855
0.9521 0.9521 0.9521 0.9521 0.9521 0.9521

0.2 0 0 0.2
0.4 0 0 0.4
0.1 0 0.1 0
0.1 0 0.1 0
0.8 0 0.8 0
2.2 2.2 2.2 2.2 2.2 2.2

0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
0.002 0.002 0.002 0.002 0.0020 0.0020

0.6472 0.6472 0.6472 0.6472 0.6472 0.6472
0.6532 0.7165 0.6566 0.7122 0.7479 0.7175

Table 5.10 Comparing (he Momentum Approach Results with the Conservation o f Energy and 
the Equal Water Surfaee Elevation Approaches at the Junctions (with Backwater Effects)
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F r 2 
Q it (cu.m/s)

y  3i <m )

0.1641
7.1905

0.8968

0.1835
7.7237

0.9375

0.1922
7.8699

0.9485

0.2229
7.7721

0.8782

0.2415
7.9994

0.894

0.3493
8.007

0.789

0.3921
8.2901

0.8062

0.5375
8.3598

0.7414

0.5801
8.5711

0.7529

0.7046
9.4856

0.8016

0.6122
7.3427

0.6042

0.9724
9.8358

0.7233

1.0228
8.1165

0.5883

1.0934
10.064

0.6714

Q  32 (cu.m/s) 26.809

y n ( m )
y„s2 ("») 1.2968

26.276

1.2806

26.13

1.2761

26.228

1.1926

26.001

1.1861

25.993

1.0447

25.71

1.0376

25.64

0.9472

25.429

0.9423

24.514

0.9211

26.657 24.164 25.883 23.936
0.7079 0.6955 0.6669

0.8556 0.8051 0.7686 0.7324

Qt) (cu.m/s) 34 34 34 34 34 34 34 34 34 34 34 34 34 34

A •> (m ) 47.971 47.971 47.971 44.622 44.622 39.155 39.155 35.71 35.71 35.71 31.387 31.387 28.655 28.655

y  •>("!) 2.3986 2.3986 2.3986 2.2311 2.2311 1.9578 1.9578 1.7855 1.7855 1.7855 1.5693 1.5693 1.4328 1.4328
('.j(m/s) 0.7088 0.7088 0.7088 0.762 0.762 0.8683 0.8683 0.9521 0.9521 0.9521 1.0833 1.0833 1.1865 1.1865

sOK> A' 1 2.4 2.5 2.4 11 3 1 2.9 1.7

Sul 0.0002 0.0002 0.0002 0.0002 0.0002 0.0004 0.0004 0.0005 0.0005 0.0005 0.0007 0.0007 0.0009 0.0009

S * 0.0008 0.0008 0.0008 0.001 0.001 0.0015 0.0015 0.002 0.002 0.002 0.003 0.003 0.004 0.004

Kc 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472 0.6472
0.7885 0.7728 0.7685 0.7714 0.7647 0.7645 0.7562 0.7541 0.7479 0.721 0.784 0.7107 0.7613 0.704

Tabic 5.11 Discharge Ratios for the River Cutoff by Applying Kqual Water Surface Elevation at the Junctions
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C hap ter 6 

Conclusions and R ecom m endations

In chapters 3 and 4 two models providing the interior boundary conditions 

handling combining and dividing junctions, respectively, were developed. In chapter 5, 

the implementation o f these models into an open channel network was presented. This 

chapter presents a brief discussion on the m odels’ contribution as well as 

recommendations for future research.

Chapter 3 presented the development o f  a one-dimensional model that provides 

the interior boundary conditions governing subcritical combining junction flows. Two 

control volumes were considered: one for the main channel flow, and the other for the 

lateral channel flow. Conservation o f  longitudinal momentum was applied to each control 

volume in the respective streamwise directions. Given the inflow discharges and a 

downstream boundary condition, the model could be used to calculate the upstream 

depths for each o f the incoming channels.

The interfacial shear force between the two control volumes, the separation zone 

shear force acting on the lateral channel control volume, the weight component in the 

direction o f the slope, and the boundary friction force were accounted for in the analysis. 

Two shear coefficients were calibrated, using the available experimental data, for the 

different junction angles, to evaluate the interfacial and separation shear forces. It was 

found that the variation in these coefficients was independent o f the discharge ratio and 

the downstream Froude number but was dependent on the angle o f intersection. From this
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it was tentatively concluded that, in general, the coefficients were dependent on junction 

geometry, but not on flow. A comparison between the predictions o f the model and those 

o f the current energy approaches handling junctions in network models showed that the 

proposed model give better agreement with the experimental data.

A comparison between the proposed theory and existing momentum based 

approaches was performed. These existing approaches relied on the assumption o f  equal 

upstream depths and empirically accounted for the contribution o f longitudinal 

momentum from the lateral channel. The comparison showed that the proposed model 

predictions were either as good as the other theories or rather superior at high discharge 

ratios. The advantage o f the proposed theory is that it models almost all o f  the physical 

effects involved, such as the boundary friction forces, which were neglected in all o f  the 

other theories, and thus it can be scaled up to real world applications. The most important 

contribution o f the model is to propose using two curvilinear control volumes and not to 

rely on the equal upstream depth assumption. Further, the application o f the momentum 

principle in the streamwise direction allows the model to be easily implemented in 

network models and makes handling o f the junctions consistent with that o f  the channel 

reaches.

Chapter 4 presented the development o f  the dividing junction flow model. The 

objective was to develop a model consistent with that for combining flows. Therefore, the 

junction was divided into two control volumes. Conservation o f momentum was applied 

to each o f the two control volumes in the respective streamwise direction together with 

overall mass conservation. Given the upstream Froude number and each o f  the main and
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the lateral channel downstream depths, the model equations could be solved for the 

discharge ratio and the upstream depth.

In the dividing junctions the flow mechanism at the junction eliminates the 

interfacial shear forces. However, separation zones in the lateral channel and, for some 

cases, in the main channel as well, and centrifugal effects were reported in the literature. 

Therefore, these shear forces and the centrifugal pressure force were included in the 

analysis. Two separation shear coefficients and a centrifugal coefficient were introduced 

to facilitate the computation . f  these forces. Experimental measurements from the 

published literature were used to explore the variations in these coefficients with the 

different parameters governing the flow such as the upstream Froude number, the 

discharge ratio, the junction angle and the width ratio between the lateral channel and the 

main channel.

It was found that the predictions o f  the proposed momentum approach gave good 

agreement with the experimental measurements. Including the lateral channel separation 

zone was found to have a significant effect on the accuracy o f  the discharge split 

computations The three dividing flow model coefficients were found to be independent 

o f  the discharge ratio for limited ranges o f the upstream Froude number. They mainly 

varied with geometry; however, no trend for this variation could be deduced. In practice, 

these coefficients should be treated as calibration coefficients. For real world situations, 

the variations in the depth and the velocity cause small changes in the values o f the 

upstream Froude number, therefore it is recommended that the coefficients be calibrated 

for certain geometry at known flow conditions and then the same values could be applied 

for different flow situations.
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A comparison between the proposed theory and previous momentum theories 

proved the superiority o f the proposed approach especially for high downstream depth 

ratios. A comparison between the currently used energy approaches which handle 

junctions in network models and the proposed momentum approach showed that the 

predictions o f  the momentum approach for the discharge ratio and the main channel 

depth ratio were better than these energy approaches.

Chapter 5 presented two applications for the models. The first was a design chart 

that could be developed for any dividing open channel junction after calibrating the shear 

and centrifugal coefficients. The chart facilitates computing the discharge split for any set 

o f  upstream and downstream boundary conditions occurring at this junction. These charts 

also indicate the conveyance ratio between the downstream channels at which the 

discharge split becomes independent o f the upstream Froude number. In the second 

application, the implementation o f the two junctions’ models into an open channel 

network was presented. Two networks were considered for this application. The variation 

o f the discharge split with the Froude number in each network was plotted and compared 

to one o f the design charts developed in the first application. The significance o f the 

dividing and the combining flow coefficients was assessed. Further, comparisons 

between the application o f the momentum model equations, the equal water surface 

elevations and the conservation o f energy at the junctions were performed. It was found 

that the variation o f the discharge split with the upstream Froude number for the dividing 

junction in the network model conforms to the design chart. The dividing flow 

coefficients were found to be more significant than the combining flow coefficients. A
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discrepancy in the discharge split was noted between the momentum approach and the 

two energy approaches. Further, this discrepancy increased as the variation in the 

discharge split with the upstream Froude number o f the dividing junction increased.

Finally, the interior boundary conditions handling junctions that were developed 

in this study can be incorporated, as an option, into steady open channel network models. 

This can be used in validating the approach on real world situations. The model is 

expected to achieve results that are either as good as the currently used approaches or 

may be even superior since it is based on the physical effects in the problem. Further, this 

implementation will be a foundation on which the unsteady flow extension o f the model 

can be built.

Recommendations for Future Research

With the addition o f  terms for storage o f mass and momentum, the present models 

could be readily extended to an unsteady dynamic junction model. Conceptually, the 

simple junction condition o f mass balance (no storage) and equal water surface elevations 

would now be applied across the boundary between the two junction control volumes, 

and the adjacent channel control volume (or computational cell). The two junction 

control volumes could then be treated as regular channel cells, albeit with consideration 

o f variable width and extra interaction terms. Unfortunately, no experimental data is 

available at this time for verification o f such a model.

It is recommended that an experimental study that focuses on investigating the 

different forces discussed in the present study be undertaken. This study should cover 

wide ranges o f the flow parameters such as the discharge ratios and Froude numbers.

209

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Also different junction geometries and rare situations, such as obtuse angled intersections 

and lateral channel width ratios that are greater than 1, should be investigated. This will 

provide an insight into the different models for these forces, and a better understanding 

for the parameters affecting the coefficients associated with them.

Field data is required to assess how the model scales up to real world situations. 

This will also help in understanding the significance o f the different forces as the aspect 

ratio increases. These data can be used to validate the assumptions o f  uniform velocity 

distributions and hydrostatic pressure distributions and the importance o f the boundary 

friction forces and gravitational forces.

Open channel network data is needed to verify the implementation o f  the two 

junction models into open channel networks. The data can be used to assess the quality o f  

the results obtained when incorporating this model and comparing it with the energy 

based currently used approaches.

The model developed in this study can be considered a work base for a dynamic 

unsteady flow junction model. However, unsteady flow data is required for validating 

that model. Typically field data are difficult to obtain, but experimental data for unsteady 

combining and dividing junctions with more dynamic flow situations are valued.
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