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ABSTRACT

Channel confluence is an important component in river syst@me flow
dynamics and mixing processes assodiatgth such geometry are highly
threedimensional and complicated. In this studa commercial software,
ANSYS CFX, was employed to investigate tHew structures and mixing
characteristics at channel confluences using stetdg thre-dimensional
numercal method. The resultsidicated that the flow converging could not
produce rapid mixing withinthe confluence or immediately downstream
because ofocally confined secondary current. However, with the secondary
current growing downstream, the mixing @aivas acceleratedlransverse
mixing coefficients were determined fahannel junctions with different
confluent angles and discharge ratiasing the generalized method of
momens. This research providethe insight view on the curvatureinduced
secondarycirculation at channel confluencand proposedthe corresponding

mixing rate.
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NOTATIONS

C = tracer (e.g., dye) concentration

0 andd = concentrations at the right and left banks
0 = centration of complete transverse mixing

O = factor of diffusion

- = turbulent diffusion coefficient

O = transverse mixing coefficient

Fr = Froude number

g = gravitational acceleration =9.81 nfs
Hqs = downstream water depth

I = turbulence intensity

k = turbulent kinetic energy
Ls = length of the separation zone
P = turbulence production

= static pressure

Q = combined tail water discharge /s
Q: = main channel dishargem/s
Q; = side channetlischargem/s

Q¥ = discharge ratio QQ
q = cumulative dischargen/s

Y& = turbulent Schmidt numbef:9

U = crosssectionalaveraged longitudinarelocity
Uqg = downstream velocity

u = local longitudinal velocity

u* = dimensionlestongitudinal velocity

Xii



U max = maximumlocal longitudinal velocity

Vv = cross sectionahveraged transverse velocity
v = local transverserelocity
v* =dimensionlessransversevelocity

V_min = Minimumtransverse velocity

V_max = mMaximum transverse velocity

W = width of the channel

Ws = maximum width of separation zone

w = local vertical vdocity

w* =dimensioress vertical velocity

xy,z = longitudinal, transverse distance and vertical distance

xX*,y*,z*= dimensionlesslongitudinal transverseand vertical coordinate

distance

4a = volume fraction of air
Aw = volume fraction of water
m

= the molecular viscosity of fluid

= molecular viscosity of air

my = molecular viscosity of water
m = turbulent viscosity of fluid

g = kinematic viscosity of water
"w = density of water

Fa = density of air

9 = Kronecker delta

Xiii



s,,5..,C,,C,,,C, =constants of turbulence models

C = confluence angle
] = passive scalar
q = dimensionless shape velocity factor
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Chapter 1 Introduction

1.1 Research Motivation

Channel confluence is a common feature in natuxedr systems In the
confluence region, flowvelocity, turbulence intensit channel hydraulic
geometryand bed geometrymay change rapidlyBest and Roy 1991 Not

only in the vicinity of channel confluence but also further downstream,
substantial changes on flow hydraulic performance and channel morphology
may occur (Bradbrook et al. 1998 Due to the complex hydrodynamic
environment,mixing process at confluence is attractisignificant interest
because the mixing rate may be increased associated with confluent flow
structure in some situatiofBest and Roy 199land the knowledge on
confluent mixing is important to properly assess therenmental impact ch

tributary.

Considerable researches have been performed on the confluent flow structure
using physical models and field measureméBest 1986Best and Reid 1984
Mosley 1976 Parsons et al. 200Rhoads and Sukhodolov 2Q8zupiany et

al. 2009. The results of previous studies indicated that flow dynamics at
channel confluence relied heavily on the junction angle referring to planform
curvatue and the ratio of discharge which is classified as flow condiBest

1987. The former is considered to induce flow helical motion and the latter is
the generation foshear dynamics betwearonvergingflows. With different
junction angle and discharge ratio scenarios, researchers draw different flow
patterrs. However, as one of the major components of flow structure,

curvatureinduced helical motion is currently controversial. Visualization

1



investigation on the secondary flow showed the two cells rotating in opposite
direction at an asymmetrical junctiofGurram et al. 1997 whereas
experiment measuremerfiVeber et al. 2001 and numerical simulation
(Bradbrook et al. 20QGsuggested that only one clockwise cell downstream of
the sepation zone. Therefore, further research is needed to clarify the

disputes of the problem.

In addition, according t&isher et al(1979 and Rutherford(1994é& research
transversemixing is a slow process thatakes a significant distance
downstream. HoweverRhoads and Sukhodoloy200]) investigated an
enhanced mixing at river junctions which had been attributed to curvature
induced helical motion_ater, Lane et al(2008 also reported a rapid mixing

at a confluencat one time period. They found that the transverse mixing took
only 8km to complete compared with normal fully mixing which was 400km
in distance They attributedthis rapid mixing toa significant channedcale
flow circulation which was foundat channel junction Meanwhile, he
momentum ratioand density difference between thetwo streams also
enhanced the mixing procesBased on the above discoveriesdapth sudies

are necessary to investigate the relationship between the mixing rate and the

confluent flow structure.

With the development of computer techniques, researabieg) numerical
models to assess the flow characteristics and mixing at channel coaflesc
increased tremendously in recent ye@son et al. 2004 Bradbrook et al.
1998 Constantinescu et al. 201Huang et al. 2002Lane et al. 1999

Shakibainia et al. 2010Wang and Cheng 200@eerakoon et al. 2003In



comparison with physical junction model and field investigation, nueric
model gives more inside details and saves a lot of time and expense. Therefore,
in this study, threelimensional computational fluid dynamics (CFD) model
was adoptedOncethe numerical model waglidatedwith the experimental
data,a matrix of numerial experiments was performed to analyze the effects

of junction angle and discharge ratio on the flow characteristics and associated

mixing process.

1.2 Research Objectives

The objectives of this study are to understand/ thechannel geometry and
confluent flow condition affect the confluent flow field, especially the
formation of secondary currenédthento examine to which degree mixing

is reinforced by these controllers in the formrafisverse mixing coefficient.

To reachthesegoak, a comprehense literature reviews firstly presented in
Chapter 2 orchannejunctiors. This chapter provides a genasatlerstanding
of the flow dynamics and thenixing characteristicat channel confluence
from previous studiedn Chapter 3, a thre#imensional nurarical model is
establishedo a simple confluence geomeirgs depicted in Figure-1L This
geometryconsistsof two equalwidth straightchannels with horizontal floor.
One is hemain channelith dischargeQ:. The other one ishe side channel
which erters the main channel at a certain junction agleith flow rate Q..
The discharge ratio is defined as main channel flow rate divided by the total
discharge of post confluend®; = Q:/(Q:+ Q,). After validating the modeh
systematic numerical experamt is conducted.The numerical experiments

were carried out for three different junction angles 907 60°and 30? For each



junction angle, three discharge ratios were simul@ge0.75,0.5 and0.25.
Thus, a total of 9 cases had been simulated and deastghown in Table-1

The results are demonstrated in ChapteindChapter 5, the transverse mixing
coefficientsare calculated based on the results of velocities and concentration
variations fordifferent juncion angles and discharge ratios. Thea ithpad

of channel geometry and flow condition tire flow structureand themixing

rateis discussed.

Table 11: Descriptions of all simulations.

Junction
* Ql QZ Q
Case A(”E?)'e Qu m¥s)  (mds)  (ms)
Al 075 0127 0042  0.170
A2 90 05 0085 0085 0170
A3 025 0042 0127  0.170
B 0.75 0427 0042  0.170
B2 60 05 0085 0085 0170
B3 025 0042 0127  0.170
c1 0.75 0427 0042  0.170
c2 30 05 0085 0085 0170
c3 025 0042 0127  0.170

Appendi x Rigen tonfuehce df Péace River and Smoky Rdover i s
attached to this dissertationhe idea of this researatasoriginally from this
real river confluencéecause this site is a typical example of river mixing that
the tributary contains higher pollutant level ththe main stream. In addition,
this junctionsectioninvolves severapollutant sourcg such as waste water
treatment plarg pulp papermills andoil and gasndusties et al. Therefore,
brief water quality and flow condition study ¢ime Peace River, Soky River

and their post junction are presented in the appendix.



Chapter 2 Literature Review

Channel confluence is a subject that attracts many attentions in recent 30 years.
Because of the complex hydraulic and morphological aspects of channel
confluence, underahding the characteristic flow structures and mixing
process is vital within many areas. For geomorphologists and geologists,
junctions in river systemform important agents of considerable erosion and
sediment transport deposition. For hydraulic andrenmental engineers, the
complex flow structure, such as flow acceleration, secondary flow combining
with effluent injection may post considerable problems to river mixing
analysis and pollutant dischargcility design. Therefore, nowadays
increasing a#ntions have been paid to this topic to identify the confluences

processes and interactions

Considerable researches have been performed on the confluentriloture

using physical models aniield measurements. Based on previous studies,

factors involed in flow characteristic at confluences can be grouped into two

categories: the morphology aspect and the flow condition aspect. The
morphology feature includes channel junction angle, bed bathymetry and

width-depth ratio,etc Flow condition consiste fv ediot y r ati o or di sc
rati o, Reynol dsumbebgelrt mowwg Hyr lceanater fait eolr d
experi menval pamoveldeed hee amnf l uenwvehydraul |
l i mi tedarMma&ctaocsrssesseudsi amtg o hy s meails model s
diifcfult to obtain detailed fl omwhunse,asur eme
nume rmodell lainngalitser nati ve rmededardupehrisc hs eatl |

avari ety of swearniaat loess voefs ttihgeastee det ai | ed
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and associp@anedelsmwiessi.cghiarpe wirehve resul ts of

previous studies on the geometri cal feat
channel g onafsl uewalcle as t he Il mportance of
met hod.

2.1 Geometrical Features of Channel Confluence

2.1.1 Junction Angle

There are various types of junctions existing in natural river system and
hydraulic structures. ABest(1986 proposed, twaypes of junctions could be
cl assi fi ed: Toashapeu neenfluericee thdt thdi poenfluence
channel forms a linear extension of the mainstream and symmetrical

confluence that junction channel i's mor e

The earliest researcher thateatpts to develop the general confluence
structure model is probablylosley (1976. He carried out a series of lab
experiments using both asymmetrical and symmetrical confluencgsritify

the effect of bed morphologyn the flow patterns anccsur formation. The
results showed different shapes and locations of scour holes formed
downstream of those different type of confluences; while the depth of scour
hole increased rapidly as confluence angle raised from 15°to 907 and more
slowly up to 180 Subsequently,Best and Rei@1984) conductedexperiments
usinga Tdishapedunction to examine the flowtructure under four junction
angles 157 457 70°and 90? They found the size of the separation zone

enlarged systematically with an increase in confluence angle.

In addition,Best(1988 used an aslpymmétapiedalchannel to i

the confluent channel morphology in terms of five junction angles 155 457

6



707 90°and 105? Based on previous researches, he summarized that bed
morphology could be characterized into three distinct eleméljta distinct
avalanche face that forms at the mouth of the junctions; (2) a scour pool within
the centerof the postconfluence channel(3) bars of sediment along the
downstream of confluence channel. He emphasized that these elements were

controlled predominantly by the confluence angle and the ratio of discharges.

As computer technology develops, more flow details are igatstl by

changing channel geometry utilizing numerical simulaiorhe simulations

conducted byBradbrook et al(200Q usi ng a ATO shape juncti

angle and AYO shape junctions with 90A
variations in channel morphology could exert a substantial influence on flow
structure at confluencesluang et al.(2002 and Shakibainia et al(2010

si mul at ed unctigh With a sahge pfefSojl05°afterwards. They

concluded thathe flow structure was very sensitive to the junction angle.

2.1.2 BedMorphology

Bed morphologyis an important controllethat impacs the flow structure
Recently, researchers found the b&tdrdance could influence tltenfluent
flow characteristics as well as the mixing processes because the upwelling
flow generated by bed discordance enhanced the mixing within the flow of

tributary (Best and Roy 199Biron et al. 1996a

Other than the bed discordantiee forming ofscou holewithin the junction
area isanotherimportant feature for confluence. MosléQ76 carried out a
systematic laboratory experiment to identify the dff#fdoed morphology. By

altering junction angles and discharge ratios, he found that the depth of scour

a



hole increased with both variableSther researche@arsons et al. 2007
Szupiany etal. 2009 presented results of field work similar to those in lab

experiments.

2.2 Flow Characteristics within the Channel

2.2.1 Hydraulic Zones

Confluent flowis characterized by complex patterns of thdemensional fluid
motion. Best(1989 conducted a comprehensive study on flow structure at
channel confluence and produced a generalizeddimensional model for
flow patternsHe proposedix hydrauliczones in confluences: (1) pronounced
convergence of flow at the upstream end of the confluences, (2) a region of
stagnated fluid near the upstream junction corner, (3) ade&hed mixing
interface between the converging flows that persistgnstream of confluence,
(4) a downstream velocity field characterized by two zones of maximum
velocity separated by an intervening region of low velocity centered on the
mixing interface, (5) convective acceleration of flow within the mixing
interface tlat leads to increasing uniformity of the downstream velocity field
in the downstream direction, and (6) lateral deflection of flow by the dominant

tributary.

Plenty of examinations of flow structure at junctions have identified these
features including la experimentgBiron et al. 1996aGurram et al. 1997
Weber efal. 200 and field measuremen{Best and Ashworth 199 Rhoads

and Sukhodolov 20Q1Serres et al. 1999Especially, the dimensions of the
separation zone have been studied intensively. Best and R6ig4

conducted experimentss i ng an asymmetri cal O0TO

shape



examine the flow separation zone at channel confluence. The results showed
that the separation zone formed at the downstream of confluence corner and as
the confluence angle and discharge ratio incbatiee zone of separation
widened and increasingly dominated the dynamics of the confluence.
Subsequently, Best and R@¥991) suggested thafor small asymmetrical
junction with lowstage flows, the location of maximum topographic
deflection and flow separatn varied with momentum ratio and total discharge.
Based on large scale experimental measurements, Yang(20@9 studied

the size of the separation zone tinree dimensiosthoroughly.Due to this
recirculation zone, the effective cross section area decreases and leads to flow
acceleration. Therefore, flow acceleration zone has an opposite response to the
junction angle and discharge ratio with the separation zone. Downstream of

the separation zone, the flow expands into the flow recovery zone.

The results of previous studies indicate that for a given channel junction, the
characteristics of an opamannel junctiorflow, such as the shape index of
separation zone, flow angle of lateral channel and location of stagnation point,
are quite dependent on the discharge ratio. Furthermore, Bradbrook et al.
(2000 grouped the governing controls of flow structure at river confluences
into three headings: (1) reasbale pressure gradient forces associated with
realignment, and chang@s width/depth ratio, of the posonfluent channel;

(2) topographic steering due to confluence scour and point bar formation; and
(3) shear generated turbulence created by interactions between the two
converging flows and bed morphology, which may affeath intermittent and

time-averaged flow structures.



As mentioned above, the flow structure at confluence is complex and highly
threedimensional. These six proposed features are only representatives of
time-averaged plane velocity field. Secondary dmtons are also key

components for the channel confluence.

2.2.2 Secondary Circulation

Secondary current in open channel confluence plays an important fadesin
structure. It continuously transports momentum from center to the corner and
might results in raip mixing. Based on flow visualization in smaltale
laboratory models, theecondary circulatiomithin the Y-shaped confluence
was characterized by typicaio helical cells plunging down in the centre of
the channel and outward at the bed, when thdlwam channels were of
roughly equal dischargéAshmore et al. 1992Mosley 1976¢. However,
Bradbrook(2000 assumed the badk-back helix flow existed possibly at the
AY0 shaped juncti on, nbnareasingtunsynmetrical di sappe
degree. At unsymmetrical confluencessecondary circulation was found
characterized by weak surfacenvergent helical cells on opposite sides of the
mixing interface when the main flow discharge dominated, whereas a single
large helical cell was identified when the tributary momentum was most
important(Rhoads and Kenworthy 1995This is presumably for the reason
that the backo-back helix flow might be limited because of streamline
bending and motmwlogy, much like the flow structure of two meander bends
(Lane et al. 2000 Later, thefield study conducted by Rhoads and Sukhodolov
(2007 showed thatn welldefined mixing interface persistetbwnstream of

the two symmetrical confluences and this interface was disrupted at the

10



asymmetrical confluence, suggesting that helical motion enhances patterns of

mixing at confluences.

However Bestand Roy(199]) reported prominent helical motion occurred a
the asymmetrical confluence, whereas weak helicity was detectable only at
one of the two symmetrical confluenc@&seystated that as the momentui
tributary increased, flow from thé&ateral channeincreasingly deflected flow
from the main stream towa the outer channel bantor asymmetrical
confluence. As a result, the mixing interface between the converging flows
shifted outward. Because of the curvature of the flow, the strength of helical
motion was the greatest on the tributary side of the mixmerface. In
addition, Orfeo et al.(200§ proposed there was no helix flow but simple
converged or diffuseddlw a't |l arge fAYo ¢&utheprord, f |
Parsons et a[2007) found an absence of sewary flow at a relatively large
confluencedifference unit with an aspect ratio around 200. Unlike the -back
to-back strong secondary flow observed in small confluences (width to depth
ratio is smaller than 100), they highlighted that the bed roughnppsessed

the vertical velocity gradient so that there was no evident secondary flow in

large river confluence.

Therefore, themechanismsof secondary circulation haveot been fully
understood yet. The formation of secondary circulation within confluande
farther downstream for different junction angles and discharge ratios is still of

great interest and requires further research.

2.3 Mixing Processes at Channel Confluence

2.3.1 Background of River Mixing

11
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As sketched by Fischest al. (1979, three stags can be identifietbr river

mixing: (1) verticd mixing wherethe initial momentum and buoyancy of the
effluent dischargedominate the rate of dilutior(2) transverse mixingvhere

the effects of the initial momentum and buoyancy are dissipated, and
turbulence and currents determine lateral mixmatg and (3) longitudinal

mixing whenthe effluentis fully mixed across the channahdthe process of
longitudinal shear flow dispersion tends to erase any longitudinal
concentration variations. The amowifttime and distance for the first stage to
take place is rather small in comparison with the second and third stages. Thus,
fully mixing is commonly assumed for the vertical direction. In addition, for a

steady state source, the longitudinal mixtag beneglected

Physical processesvolving in river mixing include avection, molecular
diffusion, turbulent diffusiongispersion andecondary circulatioetc (Elhad

et al. 1984 Advection is thdransportof a substancalong withthe riverflow.

As such, he direction of the movement of the substance is the same as the
direction of theriver current. Molecular diffusion involves the spread of
moleculesdue tote mo |l ecul ar movement . It foll ow:
molecular movedrom high concentration area to low concentration area.
Typically, the moleculardiffusion coefficient is of the order 18 m?%s.
Turbulent diffusion isthe transport ofsubstance due tdhe fluctuating
components of velocity which cause the eddy motion that enhance the
molecular diffusion. The turbulent diffusiotoefficientis of the order 18

m?/s. In comparison with turbulent diffusion, the molecular diffusiberefore

is negligible. Dispersion is caused by the diéatial adrection due to non

uniform distribution of velocity in river flowThe existing of the velocity

12



gradient induces concentration gradient which leads to enhanced diffusion.
Secondary circulation is generated beeaasnonidentical turbulence in all
directions or flow curvature. Although secondary current @agounts fora

few percentage of the main current, it reinforces the mass transport across the
cross section which increases the diffusion coeffici&fihadi et al. 198%

These physical processaB play a role inthe mixing. Which one dominant

the mixing rate depesan the area of interest argdstill controversial

2.3.2 Mixing Processes at Confluences

Mixing processes associated with such flstmuctures at confluences have
attracted broad attention from engineering and environmental sides because
when tributary joins in the main stream, the mixing of two streams with
different water quality may take a considerable distance downstream after the

confluence I(i and Morioka 199%

Transversemixing is a slow processhat requires a significant distance
downstrean(Laraque et al. 200Maurice Bourgoin et al. 2003Rathbunand

Rostad 200¢ However,as mentiored, Lane et al(2008 found the channel

scale flow circulation, discharge ratio and density difference could affect the

mixing processin addition,Best and Roy199]) repated that the mixing rate

could be enhanced significantly when junction channels had different bed
heightsBased on previous researches, three |
contribute to mixi ng shedrlayeidynamicsmthef | uenc e :
confluentflow ( 2s¢condarycurrenss soci ated with streamli ne
(3) the influence of bed di scoRidaemce bet w

et al). DROD@Betse odemreseartmes d¢ardided ncutud
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| aboratory experi menrtesme notbss,e rtvhaet i lomde rasntda

still i mited. Mo st of the mixing |
junction under a <certain discharge
mi xi ng process using parallel icdélad.nel

Thus, a thorough assessment of the mixing layer associated with flow
structures at channel confluence may help to understand dispersion of solutes

and suspended sediment, further on the mixing processes.

2.3.3 Transverse mixing coefficient

The transverse ixing coefficient has been studied intensively in rivers.
Fischer et al(1979 and Rutherford1994) provided some general guidelines
for the selection ofhe transverse mixing coefficieBvalues in natural rivers.
However,Eyis very site specific. A number of factors may affect the value of
Ey, such as river suosity, local curvature, river width, depth, discharge, river
shear velocity and ice covéfhang and Zhu 20310f these factors, the effect
of the river sinuosity orey has been recognized to be significant. Rutherford
(1999 summarized from a number of studies tEatcould increase byi®
times downstream of some river bends. Boxall and Guyg@93 studieda
laboratory meandering channel and found Hataised around the bendsda
then decreased in the straight reaches after the b&rgisilar phenomenon
was also reported by Dow et 42009 in the North Saskatchewan River.
Albers and Steffle2007) proposed aranalytical equation to quantify the
change ofE, along a bend. The increaseffat bends is primarily caused by
the helical motion of secondary currents. There have been a few recent

attempts to measure the thdienensional flow structures at bends in
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laboratory models and river chann@aek and Seo 200&amd et al. 2013

in an effort to link them to transverse mixing.

However, very limited researchers reported the transverse mixing coefficient
at confluences. Some of the researchers emphasized the rapid mixing at
confluence, for example, Laret al. (2000 suggested that at confluence, the
helical motion generated by streamlicervature could also significantly
enhance mixing much like the meandering bands. Best and (Fa8/)
indicated the importance of bed discordance on rapid mixing. Bradbrook et al.
(1998 and (2001) implemented systematic numerical simulation on the
controls on mixing at confluences. More recently, Biron et (2D04
simulated the rate of mixing for discordant bed and analyzed the mixing rate
by means of concentratt deviation downstream of the confluence.
Nevertheless, none of them reported the mixing rate in terms of transverse
mixing codficient. Only Rathbun and Raad (2004 proposed the coefficient
after investigating the lateral mixing in the Mississippi River below the

confluence with the Ohio River.

2.3.4 Method of Moments

The most tassic method to calculate transverse mixing coefficient is the
standard A met (fFiscderatdl. 199pmmehnstderiged from the
change of the variance of transverse concentration profiles with longitudinal
distance. By using the condepf cumulative discharge, the deglieraged,

steadystate mixing equation becom@&tsukura and Sayre 1976

////////////////////////

— O—¢éééééécecceceeeeéeéééceececeeceeee. . 1) (2

15



whereC= tracer (e.g., dye) concentratiom; longitudinal distanceD= factor
of diffusion; andg= cumulative discharge. On the basis@fj profiles at
different cross sections, the methof moments is the most widely accepted

method to calculatB:

O -—eeééeececeééeececeééeececeééee. e. é-2) (2

where, = variance of &-q profile., is defined as

/////////////////

, . NN 00N 6Qpéééééééééééeééeée (3

n - eeeceééeeceeceééecececeéeéeeceeceeceeéee. 42

The reach averaged transverse mixing coefficignt,can then be calculated

(Beltaos 1979

O —eeéééeeceéééeeceééeeeceééeee. . b (2

whereU= average river velocity; and = dimensionless shape velocity factor,

expressed as

rrrrrrrrrrrrrrrrrrrr

—. G 0QQRB ééeééecéécéécéécéée. . 6) (2

However, Eq. (2) is only valid befoe the plume impinges the nearest bank
because beyond that, the plume no longer follows a Gaussian distribution.
Beltaos (1979 and Rutherford(1994 derived a generalized method of

moments to account for the bank effect. The general form is:
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, O, VMwOQ®ééeéééeéeéeéeéeeeéeeeeeeeee. .-7)(2

MVw p p —— —Eeééeéééeeeeééceee. 92

where0 and0 = concentrations at the right and left banks, respectively;

andd = concentration of complete transverse miximg.can be calculated as:

60 ——¢é¢eéééééeécéeéééeceeééece. .9 (2

where@ and0 are the concentrations in the main aide channethannels,
Q:andQ; are the discharge in the main aside channethannels an@;is the
total discharge downstream of the junction. Before the plume reaches either

bank]Qw p, and Eq. 2-8) reduces to Eq2¢2). From Eq. Z-7), when,
is plotted with, "Qw 'Q ehalf of the slope of the fitted straight line will be the

value of 0. O can then be calculatdxy using Eqs.4-5) and 2-6).

2.4 Numerical Simulation

Previous researches on channel conflugsmtogided a good understandiog

the flow structure and mixing process with different flow and bed geometry
variables. From the literature, there are a number of control parameters
impacting flow patterns, for instance, junction angle, bed discordance and plan
curvature, which are associated with channel geometry and velocity or
discharge ratio, and upstream addwnrstream Froude umbers, which
associate with the flow hydraulic condition. However, the physical models of

junctions can only use limited parameters at a time to identify their impacts on
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junction flow. To obtain a complete understanding of flow structuchannel
confluence, all factors that impact the flow behaviour should be considered.
Therefore, numerical simulation is a complementary technique that can be

used to study different flow patterns under various boundary conditions.

2.4.1 Three DimensionalNumerical Model

Previously, researchers used one dimensional (1D) theoretical approach
(Greated 1966Hsu et al. 1998bHsu et al. 1998aRamamurthy et al. 1938
Talor 1944 to investigate the relationship between tepths upstream and
downstream of the junction based on conservation of mass and momentum.
With the increase of knowledge in junction flow, some two dimensional
numerical (2D) studies regarding channel confluence have been conducted
(Ghostine et al. 2021&han et al. 2000Weerakoon et al. 2003Ghostine etla
(2010 compared the 1D and 2D approaches with existing experindata

and concluded that the 1D approach could only be applied to small junction
angle and small downstream Froude number, whereas 2D combining with 1D
approach performed well in real measurements. Nevertheless, their assumption

of 2D flow severely limis the practical applicability of their results.

As discussed itheliterature helical motion of secondary flow is an important
factor impacting mixing processes at confluence which cannot be adequately
simulated in 2D model. Lanet al. (1999 indicated that 3D model had an
outstanding merit when simulag) the bed shear stress and setary flow,

and provided more reliable data comparing to the 2D model. Therefore, many
threedimensional models and their applications have been reported in recent

years. Weerakoon et #lL991) examined the 3D flow structure at a confluence
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of sulrritical flows by means of experimental measurements and a
computational model incorporating the stand®d - turbulence closure
scheme. The predicted results suggested satisfaction with the experimental
counterparts.Huang (2009 developed 3D0Q ] model to simulate flow
pattern with equal width channel junction that has different junction angles
and discharge ratios. Shakibainia et(@D10 conducted comprehensive 3D
numerical study using SSIIM software wigNG'Q - turbulence model to
investigate the secondary currents, velocity distribution, separation zone and
water surface elevation in different conditions. So far, only few numerical
models have examined the mixing in the confluence. Bradlebak (1998

200Q 2007 did 3D numerical simulation utilisgy PHOENICS to study the
flow structure and associated mixing at confluence, especiallgotieols on
secondary circulation by applying the standa@ - turbulence and
renormalization group (RNG) turbulence model. They also deployed large
eddy simulation (LES) model to describe this turbulence model on two parallel
channels. Resulshowedthat bed discalance was a key controlling factor for
mixing close to the junction. Wang and Che(8000 used Fluent 4.4 to
simulate a side discharge into a cross channel flow. In comparison with
standardQ - and RNGQ - turbulence modelthey found that the latter
one had a good agreement with experimental data. Biron(€0a¥) used the
same thre@imensional numerical modeling tool as Bradbreblal.(1998 to
study the lateral mixing at river confluences. They indicated that the lateral

mixing was significantly enhanced by the bed discordance.

Despite theinvestigations of confluence dynamics have been conducted by

means of laboratory study, field measurement and numerical simulation, the
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three dimensional model on the mixing process associated with such flow

structure is still limited. Therefore, new resgais called for to fill this gap.

2.4.2 Available Computational Fluid Dynamics (CFD) Models

Based on previous studies, softwares employed to simulate the junction
included SSIIM, PHOENICS and ANSYS Fluent etc.. Different computational
schemes and methods suah CFD codes, Large Eddy Simulation (LES) and
Direct Numerical Simulation (DNS) were chosen according to the level of

complexity of the fluid system, required accuracy and the programming skills.

Presently available CFD model for this study is ANSYS C=0, which is

one of the welknown and acceptable numerical packages
(http://www.ansys.com) The CFX is able to simulate the turbulent flow
systems, which was verified both theoretically and experimentally in the
literature(CFX 2009. The capability of CFX to simulate tlweee-surface flow

was verified recently andhown to havegood performance in tls field of
study. Many turbulencmodels & available in CFX package such as standard
k-0 RNGk-U k-¥ and the Reynolds stress models. Because of the availability

and research purpose, ANSYEX 15.0was selected for this study.
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Chapter 3 Numerical Model Setup

3.1 Governing Equations

A numerical model of the fluid flow at channel confluence was developed
using ANSYSCFX. Ansys CFX is commercial CFD softrea capable of
solving Reynoldsaveraged NavieBtokes (RANS) in three dimensions. For
open channel flow condition, a free surface exists at the air and water
interface. To determine the water surfaceatarm, especially at the junction
area, a model with the technique of solving fredagr is needed. In addition,

a freesurface flow model is packaged in its twbase flow model. Therefore,

AnsysCFX 15.0is employed to solve the governing equationsexically.

The mass conservation equation and the momentratiens solved by the

CFX solver are as follows (in tensor form):

Mass Conservation Equation

WU
=0ééééééécéééééééeéééééeéeéeéé. -3
HX;

L
Mt
Momentum Conervation Equation
_ u.u , :
WU B = 0 By By 2 kgt + (- 1,)0 32)
pt MX; X X B, B 3

where r is the fluid density,r ,is the density of aip is the static pressurg,

is the gravitational forces is the turbulent kinetic energyy, is the Kronecker
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delta, m is the molecular viscosity of fluid, and; is the turbulent viscosity of

fluid.

In terms of free surface, ANSYS CFX employs Volume of Fraction (VOF
introduced by Hirt and Nichol§1981]) techniques to track the water surface
location (CFX 2009. The VOF model was delped under multiphase flow
theory and designed for two or more immiscible fluids by solving a single set
of momentum equations and tracking the volume fraction in each

computational cell throughout the domain.

Open channel confluewgceainvahdewat wo. phas
the phases of air and water asmrned represen
respecti vel the volhne fractions iofraig laryd,watef sum to

unity.

This volume conservation equation is solved in the entire domain and the
volume fraction is computed for each cell. According to this equation, the
volume fraction deach fhase ranges from 0 to Eor example, if the cell is
completely full of water, the volume fraction of water is computed to be equal
to unity (| =1) and the cell is considered to be in the main flow region.
Likewise, in the pure air region, air occupies the whole volume of the cell, its
volume fraction is calculated to be equal to unjty<1). Free surface exists

where the value of volunfeaction is between 0 and(@<a ,<1) which means

the cell is partially filled with water and that location will be tracked.
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Meanwhile, Equation3-1) and 8-2) involve the physical properties of the
phases, such as density and visgositis apparent to determine the properties
in the pure substance region; while in the free surface location, a mixed
property value need to be defined. Under the multiphase theory,
computationamodelfor multiphase flows can be classified into homaogpaus
model, mixture models, and inhomogeneous mo@dnninen et al. 1996
Homogeneous model is the simplest multiphase flow model thphadles in

the domain of intei share the same velocitigltl with mixture density and
viscosity. Since we mainly focus on the wételd, and the open channel flow
usually involves little air entrainment, the homogeneous model is employed.
According b Waner (2003, the airwater mixture flow density and viscosity
are determined by the phaaeeraged properties in each control volume.
Therefore, the properties such as densibd viscosity appearing in the

governmengEquations (31) and (32) are given by:
r=a,r,tar,6éééeeéééééeeée. .. eeééééeeeds.
m=am+a,mééeééeééeecééecéeecéeeéeeée. . 35H. (

3.2 Turbulence Model

As RANS equationsbring new unknowns (Reynolds stresses), additional
equations are needed to determine the turbulence viscosity involved in
Equation (32). The turbulence viscosity takes the failraunder and Spalding
1974:

2
M=C,[—eeceeeeebbbeeecccccccee. .. &) (3
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MUCHY
and e=nN—-—¢ééééééééceéeééééeeeéééé. (39

KX HX;

are the turbulent kinetic energy and dissipation rate, respectiVdig.

transport equations fdrand- at high Reynolds numbers take the form:

K= k_ e1m ko, ,
—+ui——P-e+—é———geeeeeeeeeeee. e.-9( 3
t X X el Sk X

e - e__ e e elm eo, . ..
—+Ui——Cel—P'Cez—+—é_—_[;|e €. 6ééeéeéeé.-10f 3
t k  Xé&rs. %q

,,,,,,,,,,,,,,,,,,,

0 qUYYéééééeéeeéeéeééeéeeée. éeéé -3

andY - — —ééeéeeéeeéececéeéee. éee.-1213

is the mean rate of strain tens@here are 5 constards,s,,C,,C,,,C,,

involving in Equations (39) and (310). In the standardk-Umodel, these
codficients are constants obtained from experiments for equilibrium turbulent

boundary layers and isotropic turbulent@aunder and Spalding 19)4The
values of these coefficients asg =1.0,s,=1.3,C,=1.44,C_,=1.92 andC,,

=0.09. From the literature, the RNG model is more responsive to streamline
curvaure and flow with circulation becausiee coefficients irRNG k-Umodel

were calculated by the theory with a modification of the production of
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dissipation term to account for newquilibrium strain rateqYakhot and
Orszag 198 Therefore, for thichamel confluencestudy RNGk-Umodel is

adopted. These involved d@eients ares,=0.7179,s ,=0.7179,C_,=1.68,

C,,=0.085 and
h(1- hihy)
C,=142- = Y ¢esé6éé6ééé6éé6é6é66éééé.6..(313
el 1+b ﬁ ( )
where— “YR,Y ¢YY,- & gandi 181 p.U

In homogeneous multiphase flow, bulk turbulence equation is solved the same

as single phase turbulence equation.

3.3 Numerical Tracer

To calculate the mixing behavior downstream of théumction an additional
pasive transport equation for a scafars activated in water substance. Since

the simulated Ibw is turbulent, the molecular diffusion is omitted. For the
closure of the scalar transport equation an approach analog to the turbulent

eddy viscosity is useaiCFX.

on - léébéécébbbéeebbeebbee. . 6ed (3

where an overbar denotes the time averaged quantity and the primed variables
are the fluctuations. The turbulent diffusion daént - is approximated

from the turbulent eddviscosity in the following way

- —€ééeééeéeéeéeecéeecéeeceéeecéee. . elh 3
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"Ydis the turbulent Schmidt numbdn ANSYS CFX 15.0its default value is
0.9(CFX 2009 and this value was used for all simulations. With this turbulent
closure and the neglected molecular diffusithe transport equation fdd

takes the following form:

n , N ] LS ,
— 00— — ——ééééececeeeeeéééeee. . . edo)( 3

3.4 Model Geometry

Model simulated @main is based on Weber et &001) Ilaboratory
experiments. The model geometry consists of two confluent channels with
sharpedged90° angle.The man channel has a total length 28.88 m. The

side channel joins the main channef 281 m from upstreanand has a length

of 5.643 m. Both main channel and side channel have the same width
W=0.914 m and the same height 0.51 m. Alhannel floos are set tobe
horizontal.Regarding the @ordinate system for this simulatiothe numerical
origin ischoserat the bottom ofipstream corner. The positiveaxis direction

is congdered to be the dowstream of mainchannel The positive yaxis
direction is pointingo the ouér wall of the main channeNertical direction
against the gravity ihe zaxis directionFigure 3.1shows the layouandthe

dimensionf two confluem channels for this simulation.

The angle between the main and side channel is defing as the confluence
angle, . The upstream main channel, branch channel, and combined
discharge are denoted &5, Q,, andQ, respectively. Herein, the discharge
ratio is defined a£),*=Q,/Q. Based on the available experimental data, the

total combined flow rate is set §&-0.170 ni/s and the downstream depth is
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held constant &t4=0.296 m.Therefore, the downstream velocitylUg=0.628
m/s, which gives a Froude numberFof=0.37.The characteristic valigesuch
as channel widthW, downstream water deptHy and mean velocityUy are
used to nondimensionalize resulEr convenientescription, ielongitudinal
and transverse distance amendimensionaliz& by channel width,W as
x*=x/W and y*=y/W. Vertical coordinatez is nondimensionaliz¢ by Hq as

z*=z/Hq.

3.5 Boundary Conditions

Bounday conditions were applied to all sides or faces of the domain. The
mass flow rate was specified at main and side channel upstream as inlet
boundary according to the discharge ratio, which is uniformly distributed over
the water and air phases. Since thedansity is relatively small comparing to

the water density, the air mass could be neglected. The VOF technique allows
air flow through the channel above water. If no air is allowed to enter through
the inlet (or air flow rate is too small), then largeireulating regions of air

may occur above the water that may cause computational instalfMzest

al. 20®). The turbulence intensityl)( of the fluid flow at the upstream
boundary was specified as medium (5%). Ma e(2002 notedfor upland

urban river that the predicted velocities are graphically indistinguishable for 5,
10, and 20% turbulence intensity. The solver uses the following expression to

computek and eat the inlet from the given value oftémsity (CFX 2009),

rrrrrrrrrrrrrrrrrrrrrr

3
k, :Elzuizneeeeeeeeeeeeeeeeeeeeee €13)

n
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where C,, is the k - #&urbulence model constant (0.085 for RN&):- e

Downstream boundary was specified as static presgurge h 0. 296 md s

head. CFX offers the user defined expressions to calculate certain values.
Therefore, the static pressure for water with 0.296 m height was computed
using the static pressure equatidlo-slip boundaries (indicatingater flow is

zero at the boundaries) were applied at all sidewalls and channel floor. The
channel floor roughness height was se®.@9006 nfor smooth glass bottom.

The top surface was specified as an opening boundary and this is a pressure

boundary which allows both irdv and outflow.

The high resolutionadvection was used. The fluids are assumed to be
Newtonian, isothermal, and incompressible; therefore, their properties are kept
constant. Typically, the relative error between two successive iterations is
specified usig a convergence criterion of @O1 for each scaled residual

component. The computations are conducted under the steady state condition.

The initial conditions for the fluid flow field may be specified in an arbitrary
way. The initial values of velocitiesere provided agero in inlet boundaries

and the initial pressure was assumed as hydrostatic for the water region and
zero for the air region ithe outlet boundary. In addition to the fluid velocities

and hydrostatic pressure, the water level at thet iahd outlet needs to be
given to specify the water volume fraction at the boundary. This water level
should be consistent with the water flow rate through the channel. For saving

computational t (200deexperiientalewater ¢evel waad used s
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as initid water level at inlets of two channels. And further, for any initial
water level, it is assumed that the steady water level in the computational
domain should be produced as time progresses. Advection fluxes are evaluated

using a higkhresolution scheme #h essentially involves second order accyra

3.6 Computational Mesh

3.6.1 Discretization Scheme

To solve the RANS equation numerically, the fluid domain needs to be
discretized in nodes where the solution is obtained. There are three main types
of discretizatio methods for PDEs (Partial Differential Equations): finite
different method, finite volume method and finite element method. Finite
different method is a classic numerical discretize approach that the algebraic
equations systems are solved at each nosedoan derivative approximation.

The number of algebraic equatiotisat needs to be solved is equal to the
number of nodes plus two. This method is easy to understand and express
However, it is not suitable for complex geometries and curved boundaries.
Most software adopts the finite element method or finite volume method to

discretize spatial domain for broad variety applicability.

Typically, in finite element method, the nodes are connected to form elements
and the results are obtained at nodes orctineers or along the edges of the
elements. But in finite volume method the points are centroids of control
volumes and results are obtained at points. ANSYS CFX uses an element
based finite volume method to discretize the RANS equ&@drX 2009. In

finite element based control volumes, the simulation domain is firstly

discretized with mesh element and then the element center is constructed to
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form control volumes. The finite volume approach ensures the conservation of
guantities such as mass, momentum and energy. Meanwhile, the finite element
method is optimum for complex geometries and local grid refinement
(Ferziger and Peric 20D2The elemenbased finite volume approach carries

the advantagesf both the above methods.

3.6.2 Mesh Structure

Ansys CFX 15.0offers two typesof grids: structured grid and unstructured
grid. If not specified, Ansys CFX often generates unstructured mesh for
selected domain. This type of mesh is typically less efficient torgenand

fit boundary well, however, artificial diffusion may be large since grid lines
are not aligned with the flow. For regular geometry, such as rectangular
channel, structured mesh is recommended because it is usually best suited for

flow calculationand the artificial diffusion is minimum.

To better fit the geometry, the mulilock algorithm is applied to divide
simulation domain ito a number of blocks. Figure-Z shows the mesh
structure and mesh blocks fdhis study. As seen in Figure-23(a), the
simulation domain consists of four blocks: upstream main channel block,
upstream side channel block, the junction area block and the post junction

block. Each block is geometrically simple and can be solved independently.

Usually, mesh refinement neeal lhe done at places where the fluid properties
change rapidly. Since within the junction, flow velocity, turbulence intensity
and water elevation may change fast, mesh was refined around the junction as

seen the darker color in FigureZ(a) and the dethview is depicted in Figure
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3-2 (b). And more nodes were added to boundary layer because the velocity

gradient thee is high as shown in Figure23(c).

3.7 Mesh Sensitivity Test

A meshsensitivity study was conducted to determine the grid density for the
simulated domain. Three mesh systems, Mesh 1 (coarse), Mesh 2 (medium),
and Mesh 3 (fine) were used to examine the effect of the mesh size on the
accuracy of the numerical results. Since the simulation domain was divided
into several blocks and refined netire confluence, two locations were
selected to conduct the mesensitivity test. one was upstream of the
confluence and the other one was in the confluence; and two mesh sizes were
tested simultaneously: one was for the refined grid and the other refethed

rest of the domain. Detailed properties of the three computatioestien are
summarized in Table-3. Figure 33 (a) and (b) compar¢he simulated
longitudinal and transversevelocity profiles for three different mesh sizes at
x*=-2 along the cemrline of the ynction, respectively. Figure8 (a)and (b)
compare the imitatetbngitudinal and transversevelocity profiles for three
different mesh sizes at =2 along the centerline of the junction, separataly.
these two locations, the averagefetiénces from each other iangitudinal
velocity profiles varied from 4%, 1.52%, and 2% m/s, respectively. And

the average differences transverseselocity profiles ranged from-8%, 1.5

2%, and 1.82% m/s, correspondingly. Accordingly, Mesh 3 baen used for

all simulations.
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Table 32: Details of three mesh properties used for computations

Mesh 1 2 3
24 for refine 22 for refine 20 for refine
Size (mm)
48 for other 44 for other 40 for other
Nodes 1,510,076 1,864,882 2,282,280
Elements 1,436,292 1,735,946 2,183,000
Hexahedra 1,436,292 1,735,946 2,183,000

3.8 Model Validation

Experimental results published by Weber et(2001) were used to validate

the numerical simulation predictionBor thisapplication, the low discharge
ratio (Q,*=0.25) was sdected as the preceding results suggested that the low
discharge ratio produced a larger separation zone and had a greater water
surface elevation change. Therefore, the case was more challenging to

calculate.

3.8.1 Validation of Water Surface Elevation

Water surface is an integral quantity that is preferred to validate the numerical
model because whole solution is taken into accdnr@FX, the water volume
fraction] = 0.5 (= the air volume fractidn ) is usually assumed at water

surface(CFX 2009 such that the surface was determined.

Figure 35 shows lhe comparison of thg@redictednondimensionalizedvater

surfacevariation along the channel witthe experimental resultsat three
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longitudinal cross sectiong*=0.25,0.5 and0.79. It is seen that the overall
agreement between CFD predictiomsl @xperimental measuremts is good.
Only at locationy*=0.25, a relativelybig discrepancy existed between
simulations and measurementghich might due to the strong flow re
circulation Similar deviation between numerical results and laboratory
measurerants in the recirculation region was shown Shakibainia et al.
(2010. This discrepancydecreased awafrom the flow recirculation area
(locationy*=0.5 andy*=0.75). The Mean Absolute Percentage Error (MAPE)
for water level was about 5.2%, 4.1% and 3.9% for locatfa®.25 0.5 and

0.75, respectively.

3.8.2 Validation of Velocity

Figure 36 illustrates the comparison of measured and calculategitudinal
velocity u*=u/Uy at three cross sectiong*=0, 1 and2 and four longitudinal

sectionsy*=0.125, 0.250.5 and0.75.

At locationx*=0, the figure illustrates that larger errors exist near the channel
bottom. The error in the calculated vety values may be attributed to the
underestimation on the channel floor friction. geen, the velocity pfiles in

the zone of interest*=1 andx*=2 havegood agreement between the model
simulation and the experimental measurements. Especially thel made
good prediction on the velocities within the separation zone (shown in the
lower left profiles) where the value had big variation verticdllyus, it can be
concluded that the predicted error from upstream does not affect the
downstream results wyemuch. The Mean Absolute Percentage Error (MAPE)

for water velocity was within 10% which is reasonable for model prediction.
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Chapter 4 Results

4.1.1 Hydraulic Flow Zones

Figures 4-1, 42 and 43 showed the plane view of longitudimatlocity u
contous with streamling at about middle deptlz=0.15m for junction angle
90°, 6(* and 30, respectively. The sufigures illustrated three different

discharge ratio§,*=0.75, 0.5 and 0.25.

In general, six distinct hydraulic flow zones that defined by BE387) were
observed in these figures. It could be seen that a stagnation zone characterized
by recirculating fluid, existed at the upstream corner of the confluence just
before two streams actually mesch other. This zone was apparent in cases
Al and A2 owing to the fact that the mutual deflectiofimfls was strong for

the sharp junction angle and relatively large main channel dischasgthe
junction angle and discharge ratio decreased, the stagreone died away
becausawo streams merged into downstream channel gradually and smoothly
with milder deflection. The area where the confluent streams deflected each
other is recognized as flow deflection zone. Evidently, with increasing
junction angleand decreasing discharge ratio, the streamlines of the confluent
streams distorted more dramatically and would take longer distance until
flowing parallel to the postonfluence that was denoted as flow recovery

Zone.

A separation zone was created imnagely below the downstream junction
corner because when tilsgde channekncountered the main stream, it was

forced to change its original direction so that the side flow could not remain
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attached to the wall and then it was diverged away from side bemk. the
contour maps, we knew that negatiemgitudinal velocities existed in this
region,indicating upstream motiomhus, the area is called recirculation zone

as well. Moreover, the size of the separation zone changed as the junction
angle and dischge ratio varied. The plane view @ngitudinal velocity at
middle depth suggested that the size of the separation zone reduced as the
discharge ratio rose. However, the separation zone is a highly three
dimensional areéBest and Reid 1984hakibainia et al. 2010Neber et al.

200)). The figures shown here onhgpresented the two dimensions of the
separation zone at a certain water deptbtailed descriptions on the size of

the separation zone affected by junction angles and discharge ratios can be

found insubsequergection.

Besides the separation zone, ahhvglocity area formedue to the contraction
of the recirculation area. From Figurel4it could be found thahe largest
maximum velocity occurred in the caseAS which had the largest separation
zone.The maximum flow acceleration therefore respahsignchronousiyto
the growth of the separation zorgetailed discussion of junction angles and
discharge ratios influencing on the maximum veloeitgshown infollowing

section.

4.1.2 Separation Zone

The formation of the separation zone had been documdmtedeveral
researcher@Best 1987 Best and Reid 1984&hakibania et al. 2010Weber et
al. 200). As mentioned above, the size of the separation zone was highly

three dimensional. As indicated in Figl4Fig.42 and Fig.43, the separation
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zone started right at ¢hdownstream confluence corner. With flow travelling
downstream, the separation zone became a certain distance away from the wall,
followed by gradually reapproaching the wall. The total length of this process
varied with both junction angle and discharg#o. Besidesthe width of this

area was not vertically uniform. Instead, the width was small near the bottom
and it reached a maximum value at a certain dépber et al. 2001)Here

we denotd s asthe length of the separation zone, &dthe maxmum width

of the separation. For comparison purpose, these lengths wenalized by

the channel widtiW. Therefore, nodimensional sizes of the separation zone

for dl cases were plotted in Fig4

It was apparentn Fig.4-4 that the separation dimeaoss (both in length and
width) decreased with a growing discharge ratio. For the same discharge ratio,
the size of the separation zone decreased as the junction angle ddtlined
could be seen, however, that the rate of reduction increased at highemunc
angle. Thus, ase A3 (=90°, Q;*=0.25) had the largest separation zone. The
length and the width of the separation zone extended up to 4 times and 0.4
times of the channel width, respectively. No separation zone was detected in
case C1 (=30°, Q:*=0.75). This could be determined by considering the
limiting condition of two parallel channels of flow joining, which would

exhibited no flow separation at the downstream corner.

4.1.3 Zone of Maximum Velocity

Due to the existence of the separation zone, the rietthwf flow cross
section reduced. After combining the discharge from main channesidaed

channel a flow acceleration zone formed besides the separation zone. It is
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important to identify the location and the magnitude of maximum velocity in

this area bcause maximum shear stress and velocity vorticity might occur.

In Figure 45, it depicted the nodimensional maximurfongitudinalvelocity,

U max (FU_ma!{Ug), in each case. As mentioned in the previous section, the
higher the junction angle and tlsendler the discharge ratio, the larger the
separation zone which led to smaller contraction zone and velocity growth.
Case A3 had the largest maximum velocity among these simulated scenarios
and the magnitude of the maximum velocity was as large as apptekirh&

times of the downstream velocity. However, case Cl1 had the smallest
maximum velocity and its nedimensional valuegproached unity. In Figure

4-5, it also illustrated that for small confluence angles @@d 30) the non
dimensional maximum vetity did not show much sensitivity to the discharge
ratio. The reason was that the interaction between the main flow and the side
flow was notthat strongor small junction angle and the flow contraction was

not significant.

4.1.4 Secondary Velocity Vectors

To observe the structure of secondary curraghestransverse velocity vecter
and the vertical velocity vectaw for nine simulation cases weillustrated in
Figure 46 to Figure 414. As seen in Fig4, Fig.42 and Fig.43, the length

of the separatio zone extended up to 4 times of the channel width.
Correspondingly, for the side view of flow structure, four cross se¢ténrg,

2, 3 and4 were chosen near the confluence spacingfoliewidth. The other
four cross stream sectiors=5, 10, 15 and 8 were picked downstream of the

confluence with Hold width interval except the last section which located at
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the end of the simulation reach. Thus, eight different cross sections were
plotted. The locations of theross sections were indicated in thespirfes as

well. Meanwhile, the longitudinal velocity contours are also shown in the
figures to illustrate the area of the separation zone and the flow acceleration

Zone.

In these figures, evolution of the helical motion along the channel was clearly
illustrated. For the case of 9function angle (as shown in Fig-@&l Fig. 47

and Fig. 48), a typical twecell system was developed at locatigh=2. One

cell was formed in the flow acceleration area and occupied a relatively large
area. The formation of thisell was because of the mutual deflection of the
main stream andide flow which induced local flow curvature and counter
clockwise helical motion. The other cell was relatively small and confined at
the feet of the separation zone, rotating in clockwlisection. The formation

of this cell was as a result of the flow spinning between the merged flows and
the separation zone and it would fade away as flow passed the recirculation
area. As flow travelled downstream, these two rotating cells quickly deaclop
into a single, channetidth circulation cell as seen at locatian=3, 4 and5.

A potential cell might exist in the separation area but it was very weak and
quickly disappeared with recirculation zone ended. This finding was consistent
with the study 6 Bradbrook(2000 who reported that only a single cell was
formed in asymmetrical channel confluence. However,the case of low
discharge ratio (A3), two helical cells with the same clatde rotating
directionwere discovered from locatiotf =2 to locationx*=5. The formation

of these cells was owing to the fact that gide flow with large angular

momentum ifst impinged and then was reflected by the side walls. Due to the
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confinement of the boundary, two helical motions with the same rotating
direction were generated, one on each side of the channé¢heAsnfluent

flow went farther downstream, the tveel system disappeared, and the single
cell rotating anticlockwise direction appeared dbcation x*=10. This
clockwise helical motion continued to develop but got weaker until the end of

this simulation reach.

Unlike the 90 junction case, Fig.-9, Fig.4-10 and Fig. 411 suggested up to

four helial motions existed at locatiox*=2 for the confluence with 60
junction angle. Two countepotating cells could still be found. One was still
observed in the flow acceleration area as before and the otherasriecated

at the feet of the separation area. Moreover, two more helical cells developed
at the upper right corner of the channel and in the separation zone. The latter
was less surprising as 9function case had the same potential cell as well.
Since tle former was formed within the main channel region, it might be
initiated by the interaction between thide channehnd the main channel. The
most likely reason for this phenomenon was the main stream and the side
stream converged with a relatively smoaingle so that part of the main flow
could keep its motion without being merged &igle flow helical motion.
However, for the case of 9@unction, when theside channemerged to the
confluence with a sharp angle, the side flow and the main stream chingle
rapidly and formed a large helical motion together. As flow travelled
downstream, these helical motions reduced to one or two cells and became
weaker. In terms of the low discharge ratio, two large cells with the same

rotating direction were shown. And further downstream, the single helical
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circulation occupied a large area of the channel. This result was similar to that

in case A3.

Regarding to the cases with°3®nfluence angle, the main channel helical cell
was confined on the right side of theadnel (looking downstream), the
helical cell of the separation area still existed and dide flow cell was
trapped at the top of the second cell. The reason for this distribution was that
the main flow and side flow converged with approximately the stove
direction so that the side momentum had little effect on the main flow motion.
Together with rather small separation zone, the circulation pattern of tributary
was limited in a narrow area. This small junction angle also led to one single
helical cellformed at the right bank corner for low discharge ré@g=0.25)
which was unlike that in the cases with°%nd 60 junction angles that
generated two cells. And this single cell gradually grew to a channel scale

vortex rotating in the cloclkvise diretion as went further downstream.

In summary, helical flow pattern existed in all these junction angles and
discharge ratios. Typical two count@tating cells were found for 90
junction angle and high discharge rati@,{=0.75 andQ;*=0.5). However,

this two-cell system only lasted a short distance and quickly developed into a
single, channelidth circulation cell due to angular momentum ratio. As
junction angle decreased, three main helical cells were identieel was the
separation flow cell exisig at the separation zone which diminished as the
separation zone ended. Another wasdide flowcell that was recognized as
the strongest cell by previous researct{8fsakibainia et al. 2030The third

one was the main channel cell located on one side of the channel which could
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be observed clearly in 30°and 60°angle cases. For the case of 90°angle
junction, the side channel entdrgharply into the confluence, and thereby the
main channel cell might be mingled by thiele flowcell. For low discharge
ratio (Q1*=0.25), higher junction angle resulted in two circulations rotating in
the same direction, whereas only one channel sedileahcell existed in small

confluent angle.

4.1.5 Transverse Velocity

The previous sections presented the flow pattertenigitudinaldirection. To
provide a further detailed confluent flow structure, Fi§j54 416 and 417
were drawn to show the variation$ transversevelocities along the channel
with different junction angles and discharge ratios.b&xonsisent with the
secondary velocity vectors, the horizontal axis veaight cross sectionss
well. In each figure, four types of velocity compotemwere described: the
maximum transverse velocity denoted by max the minimum transverse
velocity denoted bw min ; the crosssectioral averaged transverse velocity

namedV and the crossectioral averagedongitudinalvelocity namedJ.

The variation btransversevelocities along the longitudinal distance suggested
that the magnitude of the transverse velocities reduced as flow travelled
downstream and the decreasing rate varied from case to case. For the cases
with 90°confluent angle, as shown in Figh15, thetransversdlow velocity

near the junction reached a maximum magnitude of 0.42mgsdion x*=2

for Q1*=0.25 which was abou?0% of thelocal meanvelocity U= 0.6m/s

(Note, since at locatiom*=1 the side channejust entered the junctiorhe

velocities showing in these figures were not reallytthasversevelocities for
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the confluent flow. Thefore, the results at locatior*=1 will not be
discussed.) The crossream flow strength declinesharply downstream of
sectionx*=4 and at samn x*=10, the transverse velocity approached zero
where the doubteell circulation had broken down into one single cell, as seen
in Fig. 46. For Q:*=0.75 andQ;*=0.5, thetransversevelocities decreased
from a maximum magnitude of around @2s at loation x*=2 to about zero

at locationx*=5 which indicated the less strength of transverse velocities and

the shorter lasting distance comparing with tha@it=0.25.

In terms of the cases with 60° confluent angle, shown in FiH4 the
maximum magnitudef the transverse velocity arrived at Oris at location
x*=2 for Q;*=0.25 which was about 40% of the averaged stream wise velocity
U=0.5m/s. For other discharge ratios, the strength otrémesversevelocities
decreased to about 30% of the mean lowlgial velocitiesU= 0.5 m/s. And

the variations ofransversevelocities along the channel were milder than that
in case with 98confluent angle. As for the caswith 30°confluent angle,
seen in Fig. 4.7, the transverse velocity only accounted for 2@%e mean
stream wise velocity= 0.5 m/s near the junction and declined gradually as

flow went downstream.

It is interesting to see that the maximum magnitude transverse velocity
occurred in the negative transverse direction fof R(hiction angle, the
absolute value 0¥ _naxandv_pin were approximately the same for°g0nction
angle and for 30junction anglev_max had the maximuntransversevelocity
which indicating the positive transverse direction. This finding suggested that

increasing junction ang had a significant effect upon the intensity of

42



secondary circulation. This also interpreted why some of the helical cells

located on one side of the channel but some sited in the center of the channel.

In summary, it is clear that in all cases, incneggunction angle resulted in
greater maximum magnitude of crestseam flow and stronger variation along
the longitudinal distance. And for a given angle, the maximum magnitude of
transverse velocity was lower at a higher discharge ratio. Sensitivity to

changes in angles was greater with lower valu&3, bf

4.2 Mixing Patterns at Junction Channel

A nonreacting scalacomponentvas introduced to track the mixing processes

of these two flows. Different concentrations of 0 and 1 were applied as the
inlet condtions for the main channel and side channel, respectively, to predict
the mixing rate of a pollutant. The pollutant was set to be neutrally buoyant
and conservative. As such, it did not influence the mean density and the

velocity field.

4.2.1 Mixing Characteristics at Cross Sections

From Fig.4-18 to Fig.426, the mixing patterns were shown at eight cross
sections for all nine cases. The water velocity streamline was also illustrated in

these figures to highlight the associated secondary circulation.

As demonstred in caseAl of Figure 418, at locationx*=1, an obvious
mixing interface between the converging flows presented approximately three
quarters distance from the right bank which was corresponding to the
discharge rati®:*=0.75. The mixing interface maell the boundary between

the confluent fluids and was almost vertically uniform except for a slight
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divergence at the bottom. The thickness of the interface was narrow relative to
the widthof the cross section. Sectiofi=2 showed that with flow moving
downstream, the mixing layer shifted slightly to the right bank and the band of
mixing layer expanded especially at the bottom comparing with the one at the
last section. Two counter rotating helical cells, as mentioned above, were
located on the opposite sl of the mixing layer. In combination with the
transverse velocity, although the strength oftthasverserelocity was strong

at this location, this twaell system did not contribute much to the mixing as
the spatial extent of each cell was confinedsroriginal flow region. It only
dragged the interface laterally and diverged the mixmgrface as seen at
locationx*=3. A similar vertical mixing interface with convergent helical cells
on both sides was reported in field measurements on a synmahetidluence

by Rhoads and Kenworth§1998. The contour map exhibited that the dye
concentration injected in the side flavas not diluted until reaching =4. But,

the dye concentration was diluted quickly within the left portion of the channel
where a potential circulation formed in this area. Meanwhile, a single helical
cell developed at the center of the channel. As the helical motion grew
downstream, itpromoted the transfer of momentum on both sides of the
interface and further resulted in progressive mixing at downstream locations.
However, at the end of the simulation reach, the dye did not arrive at the right

bank which meant the dye concentratiothatright bank remained at 0.

Case A2, shown in Fig.-49, had a similar mixing pattern toase Al. The
mixing interface had an almost vertical alignment rtbar confluence (from
locationx*=1 to locationx*=5) and this pattern was maintained downstream

without any significant change other than the mixing band expansion
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especilly at the bottom. Regardintpe streamline, two helical cells of similar
sizes formed at both side$ e mixing layer at locatiom*=2. At location
x*=3, these two cells develeg into a single countelockwise rotating
circulation. This cell slightly distorted the base of the mixing layer near the
junction and impelled the mixing process between the sides of the mixing

interface as moving downstream direction.

Figure 420 suggested a rapidhixing case of A3. At sectiox*=1, the mixing
interface was no longer vertically perpendicular to the Bedher it became
distorted due to the mutual deflection between side flow with large
discharge and the main stream with a $rihalv rate. As seen, the base of the
mixing layer was pulled towards the side channel area and the top skewed to
the right. As mentioned above, with flow converging, two helical cells rotating
in the same direction were generated owing to the fact tieasitde flow
impinged and reflected by the side wall. These two strong circulations highly
enhanced the mixing of two fluids so that a compiebeng was observed at

sectionx*=15.

As for the cases with 8Qunction angle, depicted in Fig-2i, Fig. 422 and

Fig. 423, the characteristic of mixing rate was alike rghgled channel with
corresponding discharge ratio that case B3 had the most rapidest mixing rate
in which mixing almost completed at the end of the simulation reach, followed
by case B2 anthen by case B1. Differently, the mixing interface was found
not vertically uniformly perpendicular to the bed, but careened to the left at the
top. Moreover, the dilution of concentration on the left side of the mixing layer

was quicker comparing with 9Gangle case near the confluence. This was
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attributed to the helical motions that generated on the left area, as shown in
streamlines. However, these helical circulatiamdy restrained within a
confined region that could not cause a thorough mixing actbeschannel.
Once the helical cell developed within the mixingerface as seen at location
x*=4, the mixing process became quicker afterwards as the exchange of the

fluid on both sides of the mixing layer accelerated.

With regard to the cases with°3@nction angle in Figure-24, 425 and 426,

the segregation in the concentration remained very strong downstream in
comparison with the other two junction angle cases. As mentioned in the
previous section, for large discharge ratios, two circulatiors ¢detimed that

left side of the mixing interface and one cell developed on the right corner of
the channel. It is interesting to see that these helical cells stayed on each side
of the channel without relocation at downstream cross sections which proved
foregoing finding that local restrained secondary current had limited effect on
the mixing rate. In terms of the case with low discharge ratio, one small single
helical motion gradually grew into a channel scale circulation and the mixing
layer was distortedlue to this cell which implied a fast mixing process.
However, this case (case C3) did not complete transverse mixing at the end of

the reach because of the relative small strength of the transverse velocity.

To sum up, an obvious mixing interface existeithin the confluence. The
lateral position of the interface at the first cross section was consistent with the
disparity in the discharge ratio between the converging flows. In combination
with the results of the velocity patterns, the structure of thengniinterface

remained nearly vertical when flanked by two helical cells. As flow went
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downstream, the distortion and disruption of this interface suggested that the
helical motion in place enhanced patterns of mixing. Generallya t@rtain
junction amle, the dye in low discharge ratio case mixed rapidly with the
ambient water; whereas the dye concentration was diluted slowly for high
discharge ratio. This was related to the magnitude of the transverse velocity

discussed in previous section.

4.2.2 Depth Averaged ConcentrationProfile

In order to investigate the cross sectional and the longitudinal mixing
variations, the depth averaged dye concentrations were plottettavitverse

distance in Fig.€7, Fig.428 and Fig.429 for all nine cases.

As seen in thse figures, the variation of the depth averaged dye concentration
was consistent with the mixing characteristics shown in contour mapd-(F
18-Fig.2-26). At locationx*=1, the dye concentrations at left bank and right
bank were 1 and 0, respectively. eTHocation of the big drop of the
concentration indicated the mixing interfacesafe flowand main stream, and

it corresponded to thdischarge ratio. From locatioxt=2 to locationx*=5,

the variations of concentration did not change very much exceptdaases

with low discharge ratioQ:*=0.25, which showed the differences of the dye
concentrations between the left bank and the right bank decreased already. As
flow travelled downstream, the change of the concentration variation
accelerated but thates of changing were different from case to case. As seen,
case A3 had the smallest concentration variation at locatehS where the

dye concentrations at the left bank and right bank were almost the same at the

value of 0.8, indicating a complete nmgi. The second smallest was case B3
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which had a concentration difference of 0.12 between the two banks at the end
of the simulation domain. The third one was case C3 with a concentration
difference of 0.4. None of the other cases showed the same fasgraiin
these three and the dye concentration on the right bank in some of them even
remained O at the end of channel. To rank the mixing rate of these cases,

further calculation was needed.

Therefore, the transverse mixing coefficients for nine cases emnputed
using the method of moments to evaluate the speed of mixing processes
guantitatively. The detailed analyses and discussions are shown in the next

chapter.
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Chapter 5 Analysis and Discussion

5.1 Calculation of Transverse Mixing Coefficient

In order to use Generalized Method of Moments tolyaeathe transvers
mixing of the junction, theprofile of concentrationversus accumulated
dischargeC-g needs to compute. Since the simulation channel in this study is
rectangular, th€-q profile has similar changing variation as e profiles
which was shown irFig.4-27, Fig.428 andFig.4-29. Thus, theC-q profiles

are not demonstrated here. Then, the variance dC4heistribution,, , for

all  simulation scenarios were plotted with integrated longitudinal

distance "QwQaas indiated in Fig. 51, Fig.52 and Fig.53 and the

transverse factor of diffusioB, could be determined as half the slope of the

straight line fitted to the data points.

It was evident that the results for each case could be broken down into three
main segmeist A rather steep slope characterizbd first segments from
Sectionx*=1 to Sectiorx*=2; a relatively flat slope characterized the second
segment spanning from Sectiofi=2 to Sectionx*=5; the third segment
exhibited a steep slope from Sectigt=5 to Sectionx*=18, the end of the
study areaThe first segment occurred where thide flow just entered the
confluence and was represented by the initial transverse spreading. This
segment showed a rapid mixing of the dye which was suspected that the initial
side flow momentum dominated in this section. The second relatively flat
segment indicated a relatively slow mixing process, although helical

circulations and large transverse velocity existed in this region. This
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phenomenon was because the circulatios laggely confined in the flow tube
rather than within the mixing layeifhe third segment suggest a rapid
mixing from sectionx*=5 to Sectionx*=18 as flow passed the contraction
zone and started expanding resulting in fully developed helical celldib¢en

the confluent flows.

To quantitatively evaluate the mixing rate, linear trend lines were fit to each
segment and the factor of transverse diffusion for each segment was calculated

as tabulated ithe thirdcolumnin Table 51.

Table 51: Calculation of Transverse Mixing Coefficients

D : .

N - U u * E/u h

Caselig | & | P IR (ms) (m%s) mis) | BN v,
0.0001 | 0.55 | 1.89E03| 0.014| 0.422] 1-2

Al 0.75 | 0.000003| 0.56 | 5.69E05 | 0.015] 0.014] 25 | 0.217

0.00004 | 0.52 | 8.78E04 | 0.014| 0.216| 5-18

0.0002 0.5 | 4.72E03| 0.013| 1.228| 1-2
A2 | 90°| 0.5 | 0.000004| 0.49 | 1.12E04 | 0.013| 0.032| 2-5 0.540
0.00005 | 0.45 | 1.27E03 | 0.012| 0.361| 5-18

0.0004 | 0.49 | 9.71E03| 0.013| 2.584| 1-2
A3 0.25 | 0.0001 0.5 | 3.20E03| 0.013| 0.959| 2-5 1.819
0.00025 | 0.45 | 6.61E03| 0.012| 1.915| 5-18

0.0001 | 0.44 | 2.36E03| 0.012| 0.659| 1-2
Bl 0.75 | 0.000005| 0.57 | 1.12E04 | 0.015| 0.026| 2-5 0.270
0.000025| 0.54 | 5.28E04 | 0.014| 0.125| 5-18

0.0001 | 0.44 | 2.6803| 0.012| 0.793| 1-2
B2 | 60°| 0.5 | 0.000002| 0.6 | 4.57E05| 0.016| 0.011| 2-5 0.310
0.000025| 0.54 | 5.28E04 | 0.014| 0.125| 5-18

0.00035 | 0.43 | 9.68E03 | 0.011| 2.936| 1-2
B3 0.25 | 0.000035| 0.61 | 8.49E04 | 0.016| 0.201| 2-5 1.448
0.00025 | 0.55 | 5.19803| 0.015| 1.207| 5-18

0.00003 | 0.33 | 9.46504 | 0.009| 0.351| 1-2
C1 0.75 | 0.000015| 0.54 | 3.09804 | 0.014| 0.072| 2-5 0.185
0.000025| 0.53 | 5.38E04 | 0.014| 0.130| 5-18

0.00005 | 0.33 | 1.58E03 | 0.009| 0.586| 1-2
C2 | 30°| 05 0.00002 | 0.55 | 4.04E04 | 0.015| 0.093| 2-5 0.260
0.00002 | 0.54 | 4.23E04 | 0.014| 0.100| 5-18

0.00005 | 0.31 | 1.79E03 | 0.008| 0.730| 1-2
C3 0.25 | 0.00015 | 0.52 | 3.43E03| 0.014| 0.860| 2-5 0.628
0.00005 | 0.5 | 1.14E03| 0.013| 0.292| 5-18
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The water depth and velocity magnitude were determined from the
hydrodynamic model. These values were thearaged for these segments in
order to compute the transverse mixing coeffic@ntand the dimensionless
transverse mixing coefficiei@ /u*h. All these analytic ults were tabulated

in Table 51. Referring to the mean dimensionless transverse mixing
coefficient,the mixing rate oside flowunder certain confluent junom angle

and discharge ratio were ranked as follows:

A3 >B3>C3>A2>B2>B1>C2>A1>Cl1.

Accordi ng t o(19Rwunimary 6f dhe didensionless transverse
mixing coefficientO /u*h, our results for the nine cases fe@lithin his
suggested range$he mixing coefficients of case A3 and B3 were within the
empirical range of 1~3, which was for sharp curved channel; the values of
mixing coefficients for case A2, B2 and C3 wéetween 0.3 and 0.9, which
was for gently meandering channel and the coefficientsaséAl, B1, C1

and C2 fell into the empirical range of 0.1~0.3 which was for straight channel.

5.2 Streamline Curvature Induced Secondary Flow

Curvatureinduced helical flaw or secondary circulation is commonly
observed in meandering channels. This helical motion is produced by the local
unbalance of pressure gradient and the centrifugal {0fakata et al. 2010
Rozovskii (1961) summarized the development of secondary currents in
curved channels from the results of several theoretical and experimental
studies. Hestatedthat the helical secondary circulation was formed because of
the transverse velocity toward the concave efliank when flow entered a

bend. The secondargurrentgradually developed with the continuous curing
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of the bend and the increasing of the transverse velocity. When the channel
became straight, the secondary current decreased with distance and eventually
dissipated. For joining straight channels, the mutual deflectidfows also
generated curved flow streamlines at upstream confluence and impacted the
downstream flow structure. The degree of deflection was not only retated

the confluence itself, buslso depended on the discharge ratio. The curved
dividing streamlines and their calculatedvatures were plotted in Fig4.

The equation used to compute the streamline curvature is as followed:

Q ————ececécééececececéecececéeéececeeceée (1p

wherek is the curvaturen; f(x) is the curve function which was estimated
by bestfit polynomial as shown in Fi§-4. However, the polynomial has a
defect that when it fits thstraigh line it becomes highly oscillatory and has a
bad fit condition. Thus, in Fi§-4 the values of curvature at bothderof the

streamline arggnored

As seerin Fig.54, case A3 had the strongest streamline curve. The magnitude
of the streamline curvatenwas about 0.8 th In combination with the results

of transversevelocity vectors depicted in Fig:8, this curveinduced high
transverse velocity toward the right bank (concave) and return flows with
strong basal velocity towards the left bank whichiHfer generated two strong
circulations rotating in the clockwise direction. The curvatures of case Al and
case A2 were approximately 0.5 mand 0.7 rif, respectively. However,
unlike the low discharge ratio case or meandering channel that flow curved
aganst the rigid channel boundary, tlsde flow meandered versus the

yielding fluid so that twin helical motions were formed n#a junction as
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seen in Fig.4% and Fig.47. Due to the uneven forces at the curve, these
helical cells were not identical. Thene formed at the concave curve was
relatively big and rotated in antlockwise direction and the other one located

at the convex curve was small and spun in clockwise direction. These two
system cells existed only in a short distance and then they gedeinto a
single anticlockwise circulation. But the size and location of the circulations
were different. Case Al had a relatively small helical cell which formed in the
center of the channel, whereas the circulation in case A2 was bigger and was
pushedto the right bank corner. Similar trends of streamline curvatures were
found in other two junction angleases. For those mildly meandered
streamlines, more than one circulation wasticed as mentioned in the
previous section. For highly curved streamdinkke case B3 and C3, large
and strong helical cells were formed at the right channel corner. These helical

cells were less strong and occupied in limited area within the channel.

Other than the velocity vector, the secondary current cagubstified sing

another parameter, vorticif§f Vorticity is a measure of the rate of rotation of
a fluid element about its three axes, whichxaflengitudina), y (lateral) andz
(vertical) directiongShen 2009 For assessing the secondary current, only the

longitudinalcomponent of vorticity is calcated here, which is denoted as:

wherev andw are velocity components in tlyeand z directions, whilepis a
unit vecta in the x direction. Since the vorticity is vector, its negative and
positive signs corresponded to clockwise and cowiteakwise flow spin,

respectively. To see the strength of the streamlauevatureinduced
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secondary flowthe magnitude of vorticitywasconcerned. FigHh showed the
maximum absolute value dbngitudinal component of velocity vorticity at

eight cross sections for nine cases. As seen, the higher the streamline curved,
the quicker the helical cell rotated. The maximum absolute valwerttity
occurred at where the apex of the streamline happened. As the curvature
decreased, the rotating speed of helical cell declinedn B the curvature

driven secondary current was very small at the end of the simulatitime in
case of righiangked junctionthe vorticity was not zero, which indicated the
strong curvature impacted the flow structure very far downstream of the

junction.

5.3 Implications of Secondary Current for Mixing

Secondary current was found to be an important factor for rapichgr(iron

et al. 2004 Bradbrook et al. 1998Gaudet and By 1995 Lane et al. 2008
However, previous studies mainly focused on the bed discordance generated
upwelling helical cell, which showed an enhancement impact on mixing
immediately in the junction. Fotonfluence with concordant bed, although
secondary circulations were observed, the mixing layer was not revealed
distorted near the confluence from dye tracer s{iRhoads and Sukhodolov
2004 and thermal mixing studgRhoads and Sukhodolov 200Rhoads and
Sukhodolov(2008 also found that even if flow within the mixing interface
was highly unstable, the width of the mixing interface and the spatial extent of
coherent vortices within the mixing interface exhibitedited lateral growth

in the downstream direction.
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Similar results from numerical simulation and data analyses were shown in
this study.Within the confluencethe mixing interface was discovered almost
uniform vertically near the junction andhe helical notion largely was
confined to the ambient flow on the sides of the mixing layer that did not
contribute much to the mixing process. Only as flow passed the contraction
zone and moved downstream did developed helical motion enhance mixing as
secondary currgs grew quickly in recirculation at expansigf¥ahata et al.
2010. This phenomenon could be proved by the calculated transverse mixing
coefficient which indicated that the mixing coefficient at the second segment
was very small comparing with that tife third segment. For low discharge
ratio, the secondary circulation produced substantial distortion of the vertical

structure of the mixing interface that enhanced mixing.

Therefore, the available evidence suggested that the secondary current that
enharing mixing rate highly depended on its size, strength, especially the
location. Even a small single helical motion could promote mixing as long as
the circulation was generated within the mixing interface and lead to mixing
interface distortion. If two l@e rotating cells were located on the sides of

the mixing layer, their contribution to the rapid mixivguld belimited.

5.4 Mixing Rate Associated withJunction Angle, Flow Condition
and Tur bulent Diffusion

Previous section discussed the curvaindeiced secondary flow and its

implication for mixing. Other than the secondary flowhe mixing rate is

related to the turbulent diffusicas well. In CFX, the turbulent diffusion is

approximated from the turbulent eddyscosity. Figure 56 illustrated the
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contour map of the water eddy viscosity for nine cabkede that thecontour
map shows the kinematic viscosity with the unitPaE s. Generally,as seen

in thesepictures increasing junction angle had a significant effect upon the
distribution and maximum value of eddy viscosifyspecially when the
junction angle changed from 3t 6C, the eddy viscosity varied from almost
zero distribution to an obvious variation ajpthe channelFor case A3, the
downstreamurbulenceviscosity at the interface of confluent flows was about

3.0 Pa¥ s (=3.0E03 m%s). In combination with the transverse mixing

coefficient Ey (m?/s) for case A3 athe third sectiorshowing inTable 51
coumn six the turbulence diffusion accounted for approximately half of the
contribution of enhanced mixingamong other factors. For case B3,the
downstream eddy viscosity at the interface of confluent flows was about 2.0

Pa¢ s (=2.0E03 m?/s) which wasabou 40% of the mixing rat&, =5.19E03

at the third sectianFor case C3about 44% of the rapid mixinattributed to
the turbulent diffusionThis finding gave an idea th#tte turbulent diffusion

had around half of the contribution to the rapid mixing.

The maximum value of eddy viscosity for each case was shown in Figure 5
For a certain junction angle, the maximum value of eddy viscosity increased as
the discharge ratio decreased, which indicated that the lateral momentum

fluxes were important in theegeration of turbulence.

To better investigate the impact of junction geometry and flow condation
the transverse mixing, Fig5-8 illustrated the comparison of mixing
coefficients for nine cases. It was clear to see that the junction angle had a

significant effect upon the transverse mixing rate when the discharge ratio was
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small. But for high discharge ratio, the transverse mixing coefficient did not
show much sensitivity to the junction anglEBor junction angles3(°,
dischargeratio seerad to be a mee important determinandf transverse

mixing rate than junction angle.
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Chapter 6 Conclusions and Recommendations

6.1 Conclusions

In order to investigate the flow structure and mixing characteristics at channel
confluence, a set of numerical experiments were conduciging a
commercial threglimensional CFD model, Ansys CFX5.0 A standard
numerical modeling procedure including geometry setup, mesh generation,
mesh independence test, equation and turbulence model selection and model
validation was performed. In corapson with lab measured daitBWebber et

al. (2001, the numerical results suggested that the model could provide a
satisfactory prediction of the water surface elevation and the velodity fie
After successfully validain, the model was then applied to differen

confluence geometries with varying flow conditions.

The numerical experiments were conducted on three diffeneation angles,
(A) 907 (B) 60°and (C) 30° For each junction angle, three discharge ratios
were simulated1) Q;*=0.75, (2) Q:*=0.5 and(3) Q:*=0.25. The discharge
ratio Q.* is defined as the main stream dischafgedivided by the total

downstream dischard@;+Q». Thus btal nine cases were studied.

Typical flow hydraulic zones were observed. Results showed that the
stagnation zoneould only be visually observed in cases Al and A2. The size
of the separation zone and the maximum velocity in flow acceleration zone
highly depended on the junction angle and discharge ratio. The higher junction

angle and the lower discharge ratio lead to higgeparation zone and
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maximum velocity. However, these elements did not show much sensitivity to

discharge ratio when the junction angle was small.

The assessment of the secondary current indicated that coherent helical motion
existed in all simulation cas, which stated a prominent feature of the flow
structure at channel confluence. Howevke, size, location and strength of the
circulations were quite different because of the imbalance of curvature
induced transverse velocitlfor the case with 9Gunction angle, two helical

cells were generated near the confluence and quickly developed into a single
counterclockwise rotating cell in the centeQ{*=0.75) or on the right side
(Q1*=0.5) of the channel. FoR,*=0.25, one single strong circulation was
formed near the confluence and then it became two helical cells both spinning
in the clockwise directianAs the junction angle decreased and the curvature
of the streamline declined £60° and =30°), three main secondary cells
were identified: the main chael circulation located on the right side of the
channel; the separation zone cell which formed within the separation area and
the side flow helical circulation which was generated between the two cells.
For lower discharge ratioQ:*=0.25, only one stran clockwise rotating

circulation was found for =30°.

Associated with such flow structure, the mixing pattern at confluence was
investigatedNearthe confluence,he location of the mixing interface highly
depended on the discharge ratio and junction angle. For high discharge ratio
(Q*=0.5 andQ,*=0.75), thestructure ofmixing interfaceremained nearly
vertical when flanked by two countestating cells which were recognized to

have little contribution to fast mixing. With the development of the secondary
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currents, the persistence of the cowaleckwise cell on the right side of the
channel and the diminution of the other cell resulted in lateral movement of
water from theside channelwhich caused the fast spreading of the dye
concentration. For low discharge rati@;{=0.25), mixing interface was
strongly distorted. With the combination of the strong channel scale secondary

circulation, the lateral mixing process was highly enhanced.

Analysis of the tracer data using generalized method of moments approach
was undertaken. The coefficients of tragise mixing at different cross
sections were shown to exhibit considerable variations over the longitudinal
distance.The first segment from Sectioxt=1 to Sectionx*=2 exhibited a
rather fast mixing that might be duettee initial momentumof the sideflow.

A relatively slow mixing characterized the secosegment spanning from
Sectionx*=2 to Sectionx*=5 attributing to the confined secondary current.
The third segment showed a rapid lateral ng¥irom Sectiornx*=5 to Section
x*=18, the end of the diy area.Overall, the averaged transverse mixing
coefficients suggested the junction angle had a significant effect upon the
transverse mixing rateFor junction angles30°, dischargeratio becamea

more important determinanh transverse mixing rate thgunction angle. The
results of transverse mixing coefficients for these nine cases could be sorted as

follows: A3 >B3>C3> A2 >B2>B1>C2>A1>Cl1.

Discussions on the factors that enhanced mixing rate found thaorteaty
could be used as one of timeasurements to quantitiile strength of the
streamline curvatureinduced secondary flow. Te higher the streamline

curved, the gicker the helical cell rotatednd the faster the mixingvas
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acceleratedTurbulent diffusion was another factor that attréowd mixing.

For a certain junction angle, the maximum value of eddy viscosity increased as
the discharge ratio decreasdtbr the cases with higher junction angle and
lower discharge ratidhe turbulent diffusionvas found to havaround half of

the contibution to therapid mixing

In summary, this research provideke relationship between the channel
confluence with flow condition and the transverse mixing coeffici€nir
results can help people better understainel flow structure and mixing
characeristics assdated with confluence and further make optimum decision

on engineering design.

6.2 Recommendations

Overall, this dissertationmprovesour understandingn flow structure and
mixing pattern at channel confluessc&here are stillsomegaps leftin this

area. The followingre suggesteas the subject of future work.

Firstly, this researchhas focused onthe flow patterns andmixing
characteristics at laboratesgale junctions with relatively small widtb-
depth ratios£3). However, natural juctionsare typicallymore than hundreds
meters wide and only few metedeep with alarge aspect ratios>100).
Therefore,studies onlarge river channel confluences areeded in order to

assesghesimilarities and differences between small and largdéleences

Secondly,secondary current ian important factothat impact mixingand its
strength contributes to the rate of miximg this studythe secondary current

is quantified using vorticityP? which measure the rate offluid rotation
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However, thestrength of the helical current is not only depending on the
rotating rate but also related to its occupation aBEmsequentlyadditional
spatial hydraulic metricsuch as circulation areeedd to characterizehe
complex helical motions. Moreoverther factors such as the shear layer
dynamics between two flows and coherent turbulence structures are also
influencing the mixing processd3etailed investigations into how to quantify

the helicalflows and their impacts on timixing are needed in future research.

Last but not leasfJow structureis largely depading on the number of mesh
grids. Although threedimensional numerical mod&d a very powerful tool,
more computer memorieme requied to generate nodespecially for large
natural river channels with complex geometfyie major challengéor such

numerical domain is to generate boundstted grid Thus advanced mesh

generatiortechniques imeededf the expense of computer is viab
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Figure 31: Dimensions of two confluent channels foe simulation.
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Figure 32: Mesh structure ahblocks (a) general view of mesh (b) detailed
view of transition of mesh refinement (c) mesh refinement at boundary
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Figure 35: Comparison of measured and calculated water surface elevation
for Q*=0.25 at three longitudinal sectioy’s=0.25,y*=0.5andy*=0.75.
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Figure 36: Comparison of measured and calculated -diomensional
streamwise velocity fo®,*=0.25 at three cross sections and four longitudinal
sections.
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Figure 41: Plane view of longitdinal velocity u contours and streamlines for
different discharge ratios at 9@ngled confluencest z=0.15m
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