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Abstract

Increasing instances of river pollution and sewer overflows, coupled with more stringent
regulatory requirements for ecologicalasus andflood risk managementjemand a deeper
understanding of mixing processes and natural solutions to reduce peak pollutant
concentrations while minimising flow obstruction.

This thesis presents an experimental study of flow surface velocity and transveisg mi
processes in open channel shallow flows with partial vegetatidn technique that
simultaneouslymeasures mixing processes and surface velocity fields in shallow flows using low
cost cameras and lighting is developed and validated.

The technique is &l here to record surface velocity fields and depth averaged
concentrations of a solute inr@ctangulariaboratory flume over a recorded length o& U .
Artificial vegetation is installedt different densitiesat one bank to simulate partigoverage
emergent vegetation undes range okhallow flowconditions Using theexperimental results,

a semiempirical model for transverse mixing based on the velocity gradients across the shear
layeris developed taelate the mixing behaviour to the velocitiistribution in vegetated shear
layers. Te proposed model is validated usingurface velocity and depthveraged
concentration of a solute recorded during experiments with two vegetated baitkthe same
vegetation density and flow depth conditioasthe previous experiments

This thesis provides asemiempirical predictive model that estimates longitudinal
surface velocity and variable transverse mixing coefficient in shallow flows with vegetated
banks. The model only requires the vegetation parameters and free flow region data such as
velocity and water depth, @ducing a approach without the requiremenfior extensive data
collection or complexhydrodynamicnumerical modelsinitial scenario testingf the model
suggests that vegetation induced mixing may significantly reduce the impacts of acute pollution
events, although further work is required to validate these findings in field conditions.
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1. Introduction

Water is arguably the most valuable resource for human@id and Kanae, 20Q&nd
its use and correct management is indispensable for huraativities from irrigation and
industry use to supply for consumptiolm many areaf the world, the growth of human
population and the development and industrialization of nations are producing an increase of
clean water demand, whilst an increasesefvage and polluted water discharge, resulting in a
large stress on water resourc@sdrosmarty et al., 200D

The safepreservationof natural resources is crucial for local ecosystem and habitat.
Therefore, a full understanding of pollutialynamicsn natural watercourses becomes crucial.
Examples regarding water pollution and its negative impacts on water resources asashe
off nutrients such as phosphates and nitrogen compondram farmland as well as sewage
from cities which produce the a@wophication of rivers; or the presence of pesticigegich can
produce malformations and the death of specidagim et al., 2006 As a resultthere is an
increased need to understand pollutant transport and mixing processes within natural, rivers
particularlythe movementand spreading of pollution in rivers.

Solute transport in natural rivers is a phenomenon on which several researchers have
focused especiallydue to its significance imodellingof the fate of contaminant discharge into
a river anchow its concemation changes across the widtlength, depth andime (Rutherford,
1994) The understanding of the mixing of pollutantsecomes more relevanfor outlet
structures in sewage treatment plants or factories where it is necessary to complywater
quality criteria establisheth the EU Water Framework Directi900/60/EC (WFD(TI'sakiris
and Alexakis, 201

There is a large body of work regarding mixing processes in idealised open channel flows
in which the complete mathematicalescription of transport and mixing processes can be
simplified using sermempirical models Rutherford, 1994. However,complex and highly
variable flowwatercourses can differ from these idealised flokdne of the most influential
parameterson mixing m riversis the presence of vegetatiorRiparian vegetatiomas been
recognigd as an important valuable resource due to several factors:

1 Dissipating flow energy: Vegetation increases the flow resistance, and thus reduces
the local stream velocity, reducip the soil erosior(Nepf, 1999. However, this
redudion of flow velocity prodges an increase in the flogkepth.

1 Sediment trapping: As velocity within vegetation is reduced, a decrease of
suspended sediments in the flow is produdedpez and Garcia, 1998As a result,
there is a decrease of water turbidity attte enhancement of stream banks.

1 Providing wildlife habitats: the sediment trapping also results in the retention of
nutrients, which improves habitability in rivers and oxygen producitedlecand
Knight, 1996

1 Increase in pollutant filtration: The deposition of sediments because of the velocity
reduction improves the absorbance of pollutably the deposited graingalmer et
al., 2009. Moreover, the increase in oxygen improves the removdl @egradation
of pollutantsby biochemical processes

Therefore, an understanding of the effects of vegetation in gusrimportant. The
presence of vegetation in a flow increases the flow resistance by adding extra drag. The increase
of resistance slowthe flow velocity, increasing the water depth relative to a h@agetated
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channel(Hoffman 2004; Shucksmith, 2008)Several previous studieStpne and Shen, 2002;
James et al, 2004;ightbody and Nepf, 2006have investigated the influence of both adiil

and real vegetation in channel flows, showing the dependence of the resistance induced by the
vegetation on parameters such as vegetation density, stem diameter, vegetation mass
distribution, stem height or stem flexibility. All of these propertiesyviiom one plant species

to another, and change for the same species because of seasonal variation or canopy growth
(Green, 2005)Therefore, most researchers have focused on the use of idealised stems, usually
plastic rods or cylinders, to study the uindince of vegetation in flowdNepf, 1999;Stone and

Shen, 2002White and Nepf, 2008

Some previoudaboratory studies have investigatethe effects of velocity variation
induced by vegetation in solute mixing procesddsst of these studiehave focused on the
study of mixing processes in flows with vegetation over the entire flow width. These researchers
include both mixing processes within fuimergent vegetated flows over the entire flow width
(Nepf et al. 1997; Serra et al., 2008hudksmith, 2008 Sonnenwald et al. 2017and within
submerged vegetated flowsshisalberti and Nepf, 2005 However, there are few publications
about mixing processes in rivers with vegetated bgiilebatabei et al., 2013/Vest, 2016 West
et al., 2020 despte this vegetated configuratiobeing present in mogtatural rivers KHaslam,

1978 and having potential toimprove mixing processes by the enhancthg large-scale
turbulence structuregWest, 2016)

Mixing processes that affect the spreading of a selwan be divided into vertical,
transversal and longitudinal mixing processes, depending on which direction the solute
spreadingis produced Forthe majority of practical problemdn open channel systemshe
vertical mixing affects the region close toetlsolute injection and the longitudinal mixing
process is only importarif the concentrationvaries significantlyn time. This thesis is focused
therefore a the study otthe transverse mixing component, as it is arguably more important in
terms of water quality management than the other two mixing procesdesreality, nost
pollutants enter the river fronone side anchencethe input can be considered as a point rather
than a transversally wethixed injection. Therefore, transverse mixing becorarsmportant
term of water quality managementvhen considering impacts in the locality of the injection
(Rutherford, 1993.

This hesis will investigate the effects tfe vegetation located at the rivdranks on
transversemixing processes in open chanfiels. This will lead to improved knowledgetioé
impact produced bythis type of vegetated configurationand its possible effect on the
spreading of contaminant discharges.

1.1 Aim of Thesis

The aim of this study is to quantify the influence of veggddanks on transverse mixing
processes in open channel flew
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2. Literature Review

The purpose of this section is to present a background lafowledge about flow,
turbulence, mixing processes and the effects of vegetatiorilow processesThe principles of
these concepts are presented as well as results and findings of previous studies in order to define
a knowledge framework from whidio start the current studyand identifythe gaps ircurrent
understanding

2.1. Open Channel Flow

Water movement along a sloping channel is subject to gravitational forces acting over the
water body with a component acting downstream, and resistance forces produced by channel
boundaries and any other obstacle in the channel, such as vegetation actihg upstream
direction. Flow can be classified as:

- Unsteadynon-uniform flow if the water depth is variable both in time and in space.
- Steady noruniform flow if the water depth is constant in time but not in space.
- Steady uniform flow if the water deptis constant both in time and in space.

Steady uniform flow is produced whethe gravitational and resistance forces are in
equilibrium Chow, 1959. In a free flow with no vegetation or other elements, it@nmonly
understoodthat the resistance force comeslely from the frictional effects of the channel
boundariesas shown irFigure 2.1

Figure2.1. Force diagram in uniform flow condition.

In 1769, Antoine de Chezy proposed an expression to obtain #aa tongitudinalflow
velocity for a uniform open channel flolhezy (1769¢onsidered that the resistance forie
proportional to the square of the mean longitudinal velocépd thelongitudinal component of
gravity force that induced the movement of the water bodywhstreamis equal to the flow
resistance.

"0 07Y QED
""QO 0 i QoD (0] ¥

Where Yis themeanlongitudinal flow velocityp is a constant; is the water density,
"Qis the acceleration due to gravity,is the cross sectional are@js the length considered-is
the angle of the channel slopg, is the boundary shear stress afds the wetted perimeter.
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As channel slope in real rivers usually is quite sidlRé -6 & —Y, where"Y is
the bed slopeThusgeqg. 2.2 becomes.

t T RY [9F < ¢
Where'Y 0] 0 is the hydraulicadius Combiningeq. 2.1 andeq. 2.3:

x TY

Y 5 Q&8
Considering the Chezy coefficient as:
. Q :
The mean longitudinal flow velocity can be obtained as:
Y 6 Y'Y (oF. §:)

The coefficient proposed by Chezy (I * j O) depends on bottihe bed roughness
and the Reynolds numberwhich isthe ratio between the inertia force and the viscous force
acting on the flow. The Reynolds number is defined as:

Ya
YQ T Q&
Where Giis the length scalet ‘| ” is the kinematic viscosity aridis the dynamic

viscosity. For wide open flows the length scale can be considered equal to the flow depth (
Q.

In 1889, Robert Manning proposed an expression to oliterChezy coefficient based
on both experimental observations and previdbisezy coefficiergxpressior(eg. 2.9.

A §
° % ey
Wheret A & (G KS al yy Ay Jdigai empidcsl Eoefficiort elsted @ the Bedl a
roughness. Substitutingg. 2.8 into eq. 2.6.

Y Y
Y — Q & &
This equation is 81j dzSy Gt & dzaSR Fa alyyAyaQa O2SFFTAOA
roughness. This equation only is valid for uniform flows with a constant flow depth,- cross
sectional area and crosgctional mean velocitjin which the resistance is primarily due to

chanrel boundaries

Although these equationsan beused to obtain average longitudinal flow velocity in

open channel flows, thiocalvelocity is nohomogeneous withirthe full cross sectical area of

the channel. Usually, in broad, rapid shallow channel flows or flows with a very smooth channel
bed, maximum longitudinal velocity can be found at the free suréankin the centreline of the
channel(Chow, 1959. As the flow resistance is prodea:by channel boundarietf)e roughness

of the channel bed produces a decrease of the longitudinal flow velocity in the area close to the
boundary,resulting ina logarithmic profile of the longitudinal velocity over the water depth.

-5-
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For fully developed agn channel flows, the vertical profile of longitudinal velocity can
0S RSAONAROSR ¢AGK t NI yRNKu@dse (193331 NAGKYAO f g Y2I
Yo p, &

= Wuga QP 1

Whereo® is the sheavelocity defined as:

) ~ Y QY QgD p

In addition,"Qs the water depthifrom the channel bedl is the von Karman constar,
is the vertical coordinate an@ is the equivalent roughness height. Both von Karman constant
and equivalent roughness have been studied experimentBikiimeteff, 1936; Hinze, 1964;
Middleton and Southard, 1978 The von Karman constant is usually approximatdd as@ p
and the equivéent roughness height, defined as theeanheight above the channel bed where
the longitudinal velocity value predicted ley. 2.10is zero, depends on the bed roughness. An
approximation of the relationship betwee€fand mean sediment diameter was sugtgd by
Robert (2003¥or flows over granulated materials:

v O .
Q o® QR® ¢
Where©O is the average grain size

2.1.1. Types of Flow Regimes

Osborne Reynolds (1883) was the first person to deeply investigate the existence of
different flow regimes. He conducted several experiments with different flows through a glass
tube while injecting a filament of dye. He observétht for low flow rates tle dye produced a
nominally straight line, but as the flow rate was increased some variability in space and time
appeared as shown fRigure2.2.

Laminar flow

Transitional flow

Figure2.2. Scheme of Reynolds experim¢Reynolds, 1888

He classifiedhe pipeflows based on th&®eynolds numbentroduced previously ieq.
2.7 by considering the length scale equalth@ pipe diameteras shown ifmable2.1.
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Table 21. Flow regimes proposed by Reynolds for open channel flows

YQ "Od £Y0Q Q0
YQunm 0 O& Q¢ (
VnmYQ ¢ "Yi O& i "Qq
YQ cnmm| YOI WO &

Laminar flows can be described as a series of very thin layers of flow sliding over one
another subject to the shearing action with the layer beldhen the flow velocity increases,
this pattern starts to break down and the different layers begin to mix at discrete points in space
and time, this is known as the transitional regime. If the velocity increases further, the flow starts
to enter into a trbulent behaviourwhere the different layers from laminar flow disappear and
the motion of each fluid particle starts to be chaotic. This regime is dominatedrbulént
eddies which increase mass and momentuensport within the flow. These eddies apreto
occur randomly in space and time as irregular regions of veldgityb{n and Petterson, 2001
Therefore, in a turbulent flow the velocity field can be considered as:

YoTY ahuii QKD O
Where "Yis the timeaveraged longitudinal velocitydowever, if the timeaveraged
velocity of the turbulence regime remains constant with time, the flow can still be classified as
steady. Figure 2.3shows the longitudinal velocity signal of a flow imigh, although the
instantaneous velocity varies in time, the tirageragel longitudinal velocity remains constant.

0.45 Instantaneous velocity
===Time averaged velocny ‘
h

o4ﬂm 1| |, il | ||’ il I n|¢. i
035" "|| il JRYALL

100 105 110 115 120 125
Time [s]

Longitudinal Velocity [m/s]

Figure2.3. Example of longitudinal velocity measurement in turbulent flow

Thus, turbulent velocity at any point of the flow field can be decomposed into three
velocity components: longitudinal velocity (following downstream flow), transversal velocity
@ (parallel to the channel bed but normal to the longitudinal componeand vertical
w (normal to the bed surface). As shownFigure2.3, any of these velocity components will
not be constant in time although the tirseveraged velocity will be constant. Therefore, an
instantaneous velocity component can be defined as:

YOY 6 QKD T
W w0 Q&H v
®w w 0 QED ¢

Where 6g0aand 0 aare instantaneousvelocity deviations iy « and & directions
respectively.wis the streamwise directionpis the spanwise direction and is the vertical
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direction. The average turbulence intensity for a specific spatial position didhefield can be
obtained by calculating the variability of the velocity deviation over time.

YO Y6 dee QED X
YO YO Dee QKD U
YO YO Oee QRD

Turbulence can be classified into different categorl@arbpin and Petterson, 2001 If
statistical values of turbulence intensities are not a function of the spataitipn, they are
classified as homogeneous turbulence, and -homogeneous turbulence if statistical values
depend on the spatial position. In addition, if this homogeneity of values is conserved in time,
turbulence is classified as stationary. Finaflfyrbulence is equal in all coordinate directions, it
is classified as isotropic. In the same way, if there is a directional preference, turbulence is
classified as anisotropic.

In addition, a second order matrix can be considered using the average piffatiacts
of the velocity deviation for each component.

OB Oax: O@=x
T Va@gee Lare Lazee Qg
Va@x Vae Vax
Wheret is the Reynolds stress tensor. This is a symmetrical matige( Ladgeand
the diagonal componentoée 0 6L U vaandlba 0 Udeare the normal stresses
while the offdiagonal componentsb@zagdad aand 0a2 geare the shear stresseBd@pe, 200).

In the case of the vertical profile, assuming the longitudinal velocity follows the
logarithmic law introduced irg. 2.10and by considering the maximum shear stress is produced
at the bottom and the shear stress is zero on the surface, then:

Q7Y

” n LZ

., a .
t 60 o o P o Q&R p

Where- is the eddy viscositgnd T, is the total shear stress.

2.2. Vegetated Flow

A vegetated flow is one in which some portion of the flow contains vegetation such as
reeds.In contrast to conventional open channel flows, in vegetated flows resistance is also
produced by vegetation elements. Thus, vegetation reduces the overall channel flow capacity
compared with norvegetated flows and increases water depth for the same fiae
(Hoffman, 2004, Shucksmith, 208

bSégiG2yQa GKANR flg A& O2YY2yteé dzASR G2 | OO:
acting on the flow because of the presence of an immeidgect is equal to the force on the

object due to the flow. This force trng on the object that is moving through the flow is given
by the drag equation, which can be describedRape, 200).
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Where™O is the drag forced is the dray coefficient of the immersed body aid is its
frontal area. The effect of this drag fortes been showro be significant everfor a small
amount of vegetation elements\Nepf, 1999. To define resistance from vegetatiproperties
(eq. 2.22), themain characteristics that must be defined are the drag coefficentwhich has
been shown to depend strongly on the vegetation morphologpies et al, 2004 and the
frontal aread , which is commonly defined based vegetation size and density.&tegetation
density isdefined as:

“

PSR- QK& o

®w 0 Q Qg 1

Where( is the stem density, defined as the nunmhb& vegetation elements per unit
areaO O A1 O; &is the frontal area of vegetation per uniblume O O Al ;1 is the solid
volume fraction of vegetation andQis the stemdiameter |

Previous studies such drvela (2002)showed that one of the vegetated parameters
that most affects drag resistance is the vegetation density. He ran different experiments using
leafless willowswith vegetation densities) ¢ v u p ©OA 1 Q obtaining a linear
increase in resistance with pieng density.

In rivers and vegetated channels, total flow resistance is a combination of both boundary
roughness and vegetation drag. However, the contribution of bed resistance has been found to
become negligible when vegetation density is high eno(iggmple, 198% Stone and Shen
(2002)ran experiments using dowels to represent stems and different vegetation densities with
0 pxoew®OAIT OTheir results showed that the bed contribution to flow resistance
was less tharw b of the total. James et b (2004)performed experiments considering both
natural and artificial vegetation and they concluded that once vegetation density achieved a
certain value, resistance contribution from the channel bed could be dismissed. This vegetation
density limit waglefined as.

™o W Q&g v
2.2.1. Vegetation Configuration

Another factor that affects total vegetated flow resistance is the distribution of
vegetation elementsLi and Shen (1973gported that total resistance is higher if vegetation
elements are in a staggered distribution rather than in rows. This is because if the elements are
configured in a staggered distribution, there are no corridors between stems in which flow can
accelente. Experiments with artificial stems commonly use a staggered distribution to represent
the randomness of real vegetation growtNdpf, 1999, Stone and Shen, 200XKim and
Stoesser (2011performed numerical simulations to study drag coefficient undéfiecent test
configurations. Their results suggestdloht there were no differences in flow resistance
between staggered and random vegetation distributionsFigure2.4 a diagram is plotted to
show row, staggered and random distributiocensidering dlow from left to right
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Row distribution Staggered distribution Random distribution

Figure2.4. Diagram of row, staggered and random stem distributions.

2.2.2. Stem Height

An important characteristic is the ratio between water depth and stem height. This
coefficient classifies vegetated flows into emergent vegetated flow conditions (stem height is
greate than water depth) and submerged vegetated flow conditions (stem hegyktnaller
than water depth).

Previous researchetsave shownthe vertical profile of the longitudinal flow velocity
within emergentand submergedegetated flows does not follow the logarithmic lé&g. 2.10).
Submerged vegetated flows are describedirction 2.3.1In emergent vegetatiotightbody
and Nepf (2006)showed how the vertical profile of longitudinal velocity changes with the
morphology of the vegetationFigure 2.5 shows a scheme dfightbody and Nepf (2006)
experiments wher® and0 arethe transversal area distribution of the vegetation andand
0 are the mean longitudinal velocityin two differently vegetated layers of flawThus,
longitudinal velocity proportionally decreased in those regions where there was more
vegetation massand proportionally increased in those regions where the mass decreased.
However, in experiments with artificial vegetation, stems are commonly represented as rigid
circular cylinders with a uniform mass distribution along their height. Tlaushigh enogh
vegetation densitieseq. 2.29, the vertical profile of longitudinal velocity is normally found to
be uniform over the depth apart from a small zone close to the bed, which is affected by
boundary roughnespouwen et al., 1969w 2 ¢ A &t al,]1298 Nepf and Vivoni, 2000 Stone
and Shen (20023howed that bed friction only affects the vertical profile in a small region very
close to the channel boundary.
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Figure2.5. Sample of vegetated resistance and longitudinal velocity distribution througbna
uniform canopy heightlightbody and Nepf, 2006
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2.2.3.Flow Resistance withilcmergent Vegetated Flows

Petryk and Bosmajian (197pyoposed a model to predict mean velocity within artificial
rigid vegetation based on balancing gravitational forces and drag produced by both bed
resistance and vegetation. In their model a new Manning coefficient { was defined, which
accounts ér both bed resistance and drag produced by vegetatwithh vegetated resistance
based on the sum of the drag produced by each vegetation elenegnf(22). Later,Hoffman
(2004)proposed a similar equation to obtain  hbut neglecting the effect fobed resistance
andassuming thathe drag coefficients a function of thenean flowvelocity.

Howeveri KS dzaS 2F GKS al yiafed yhAnels h&spakah diitei® y T2 NJ O
0S0FdzasS alyyiay3aga O02ST7FAOA Staicecdmies sblelfidnth& R G2 aA
channel bed and not from drag exerted through the flow depth. In the later situation velocity is
essentially uniform over the flow depthiadner, 1982 rather than being deptidependent as
in the former. The results aJames et al. Z004) suggested a strong dependence between
al yy Aeyuse@far vegetated channels and flow defthcontrast with the assumption that
the resistance in vegetated flows is produced by stem drag rather than bounddresdensity
is high enougheg. 2.25. Therefore the velocty is independent of flow depthshowing the
unsuitability ofa I Yy Yy AcgeHiceat.

Several researchers suggestatiernate expressions to obtain longitudinal velocity
through vegetation $tone and Shen, 2002; James et al., 200hich are still fundamentally
oFaSR 2y GKS RN} 3 Sljdzr A2y 0dzi ¢ Whitkandalepff A y{ Ay 3
(2008)proposed an expression for this velocity based on the momentum balance between the
drag coefficient and the bed gradienthdy assumeda negligible resistance from the channel
bed anda uniform distribution of vegetation mass over the depth, i.e. valid for artificial
vegetationcomposed of vertical cylinders

N
=<

Y QKR ¢

%‘

Where0 is the effective drag coefficient of the full vegetation patch. This coefficient
depends on both the configuration and characteristics of the vegetated patch and the flow
regime asdescribed by the stem scale Reynolds number:

YQ
T
If the stem scale Reynolds number increases, the flow regime changes flaminar
flow to a turbulent flow with azone behind the obstacle with negative velocity and the
formation of eddies. Several previous researchers have studied the drag coefficient for different

artificial stems andts dependence on the stem scale Reynolds numb¥hife, 1991; Pope,
2000, showng a decrease of the drag coefficient for higher stem scale Reynolds number.

YQ Q&& X

2.3. Velocity Profiles in Vegetated Shear Layers

A shear layer can be defined as a layer of the flow where there is a strong gradient of
velocity. In flows with the presence wégetation a sheatayer is produced when drag induced
by stems only affestone area of the flowhut allowing free flow conditions anadjacent area.
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This condition can be achieved with submerged vegetation or with partially vegetated flows
(emergentvegetation present over a portion of the widthjigure 2.6shows a scheme of the
time-averaged longitudinal velocity within the water depth for both emerggdfd submerged
vegetated flowsl).

2.3.1. Submerged Vegetated Flows

Several researchers havedied the vertical profile of longitudinal flow velocity above
submerged vegetatiorStephan and Gutkneht, 2002 Jrvela, 2004 by considering submerged
vegetation height as an extension of the rough bed. Their studies were focused on the
adapation of NI Y RGf Qa f 23 NAGKYAO 1 g G2 RSEAONROGS @SN
vegetation.Stephan and Glnecht (2002)proposed an equivalent roughness heigig(2.10)
using the zero plane displacente(water depth at which the lo¢aw begins) fordifferent
discharges and plant types.

z
a) emerged stems b) submerged stems A
7
U(z)
h ¥ I /
74
z Uveg/
hstem
A AN 4 l
um/s] u[m/s]

Figure2.6. Vertical profiles of longitudinal velocity for both emergent vegetated and submer
vegetated flowsKubrak et al., 2008

The study byRaupach et al. (1996)as the firstto argue that turbulencestructures
generateal at the top of submerged vegetation is analogous to the flow in a mixing layer. The
mixing layer is the region produdebetween two ceflowing streans with different flow
velocities. Because of this velocity difference, a shear velscjiyoduced between botHows,
inducing instability processes tine form of coherent eddies within this layer. This mixing layer
is charactesed by a strong inflection in the mean longitudinal velocity profile. In submerged
artificial vegetated flowsfor high enough vegetation densitiesq 2.25), longitudinal velocity
within the vegetation under the shear layer can be considered constant over the depth as in
emergent vegetated flowsThus, bed roughness only contributes to flow resistance in a small
region closeto the channel bed.Above the vegetationa free open flow region can be
consideredand & a result, two different flows are generated and a shear layer is produced.

Ikeda ard Kanazawa (19963tudied experimental results of longitudinal and vertical
velocity components over flexible submerged vegetation. Their results show that the time
averaged longitudinal velocity has an inflection point just abthwe top of the vegetated
elements. They also noticed an increase of both turbulence intensity and Reynolds stress in the
mixing layer region, recording their maximum at the top of the vegetation layer.
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In addition,Ghisalberti and Nepf (20023)bserved the creation of coherent lagcale
eddies within the shear layer, which dominate the momentum transfer between the vegetated
and free flow regiong?oggi et al. (2004argued that the presence of the inflection point in the
vertical profile of longitudinal velocity is a necessarynditon for the creation of these
instabilities. In addition, the magnitude of the Reynolds stress produced at the inflection point
is related with the intensity of these instabilities. The increase of vegetation density for a given
flow rate will decreasehe flow velocity within the vegetation, and thus the velocity over the
submerged canopies will increase. As a result, the velocity gradient between two constant
velocity flows increase, enhancing the creation of instabilities. For densgetation these
vortices can only penetrate a limited distance into the vegetated la@sidalberti and Nepf,
2009 as shown irFigure2.7. This phenomenon allows the creation of two different regions
within the submerged vegetation. The uppsone is governed by larggeale eddies generated
by the velocity gradientand the lowerzone is governed by smaller stesnale eddies. These
stemscale vortices are scaled to either stem diameter or mean stem spacing and produce a
lower turbulence and solute transport comparedttvithe upperzone Nepf, 2013.

Huai et al. (2008¥tudied both longitudinal velocity and Reynolds stress over the water
depth in submerged vegetation. Their experimental results showed that the maximum Reynolds
stress is located at the interface betwedre vegetated layer and the free flow above it. This
maximum Reynolds stress was shown to be dependent on the velocity gradient, which iscrease
for denser vegetation. In addition, they showed a strong linear decay of Reynolds stress in both
the vegetated and free flow regions.

A

‘ U(z)

()

Sy ERRe Submerged

Ol © 0 0 © O yegetation

o o o o o o

Free
flow

Figure 2.7 Vertical profile schemes of longitudinal velocity for submerged vegetated flows
sufficient density ondition. Red circles represent the generated lasgale eddies.

Stoesser at al. (2009erformed a large eddy simulation for a flow through an idealized
submerged vegetation. Then, they proposed a scenario similar to the experiments performed
by Liu etal. (2008)to validate their results, with a ratio between the water depth and the plant
height ofp®, a stem diameter op® U | and a vegetation densitgft w@ O Afl O Their
results showed that presence of the submerged vegetation produces an additional drag that
strongly affects the meatongitudinal velocity averaged across the entire cross sectitime
turbulence and the Reynolds stress. In accordance Witlai et d. (2008) they noticed a
retardation of the mean flow within the submerged layer and an acceleration of the mean flow
above the canop This strong variation in the velocibpusesthe creation of large coherent
eddies that affect the free flow up to theanopies until the free surface. In addition, their results
showed that the inflection point of the mean flow is located at the boundary of the vegetated
layer and that the maximum Reynolds stress is produced at the same location. This shear stress
decaysrapidly within the vegetation because of the drag foeo®d in alinear waywithin the
free flow. In additionStoesser at al. (2009)bserved a recirculation of the flow at the top of
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the vegetation between consecutive stems due to the difference of predsetween the region
upstream and downstream of a cylinder. When the flow approaches a stem, it is forced out of
the vegetation layer by the presence of the stems. Then, the flow separates at the free layer and
re-joins at the top of the cylinder, prodirg a small recirculation.

Battiato and Rubol (204) proposed a twedomain approach to predict thiengitudinal
velocity profile in submerged vegetatdtbws. Although this model cannot predict tretem
scaleturbulence, it allowghe quantification of themean longitudinal flow velocitgver the
entire depth ofa submerged vegetated flow, as well as the momentum tranefesr the flow
depth. They proposed a maodified lgdaw, similar to those proposed in previous woBtdphan
and Gutknecht, 2002 Jrvela, 2009, but with the novelty of defining all the required
parameters based on the permeability of the canopy layer. Then, they validated their model
with experimental data recorded b@hisalberti and Nepf (2004and Nepf et al, (2007)This
model only regires the water depth, the height of the stem vegetation, the channel slope and
the permeability of the vegetated layer to estimate the rest of parameters, such as the length
of the shear layer into the vegetated layéhe bulk velocity or the flow ratéMoreover, Rubol
et al. (2018)used this approach to predict the mean longitudinal flow velocity in submerged
vegetated flows and compared the results with those recorded by previous work using real
vegetation(Shi et al., 1995Nepf and Vivoni, 2000Baptist, 2003;Wilson et al.,2003;Velasco
et al., 2008 Righetti, 2008, Shucksmith et al., 201;,05iniscalchi et al.2012 and Cassan et al.,
2015. Their results fitted with the experimentalata and suggest that the most important
parametesthat affects theflow arethe vegetation density and the flexibility of stems.

Guo and Zhang (201@&llso proposed an approach to estimate the mean longitudinal
velocity in submerged vegetated flows using a hyperbolic sine law for the vegetation layer
combined with a log finction for the free flow region. The results were validated against the
experimental results recorded hiyikora et al. (2013) TheGuo and Zhang (201&pproach
divides the vegetated layer into threear bedregion and the canopy region. Tfiest isgoverned
by the shear stress produced by the channel bed and the second by the drag force produced by
stems.For very spars&egetationscenarios theear bedregion is extended until the vegetation
boundary, producing a variable longitudinal velocityhivitthe stem height; and for very dense
flows the near bedregion becomes negligiblend the canopy region is extended until the
channel bed, producing a constant longitudinal velooitgrmost of the stem height.

Yan et al. (2017presented a large eddsimulation to predict the flow velocity and the
scalar transport within submerged vegetated flows. They observed from their results successive
events of ejection and sweep along the vegetation boundary. This coherent motion was almost
extended until the vater surface in the free flow region, but it decayed rapidly into the
vegetated region. These results were in accordance with ghedicted Reynolds stress
distribution, which decayed rapidly toward zero bellow the vegetation boundary. Moreover,
their resuts showed the presence of important secondary currents in the vertical direction.
These secondargirculations decreasedith the increase of the ratio between the water depth
and the stem heightyan et al. (20173uggesedthat the secondary currents terfere with the
velocity at the top of the vegetated layer and enhance the vertical transport, particularly into
the canopy.

Caroppi et al (2018and Gualtieri et al. (2018}ytudied the influenceof the vegetated
submergenceratio on the longitudinal &locity distribution in submerged vegetated flows.
Caroppi et al. (2018arried out severgbhysicalexperiments for a fixed solid volume fraction
(» 8t ¢)rand four different aspect ratiog&, &) o ando&). For all experimental results,
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they obsewed the sharp decrease of the longitudinal velocity within the vegetation and the
presence of @hearlayer atthe interface between this and the free flow region. Moreover, they
recorded that the inflection point was located at the vegetated boundary,chiag with the
peak Reynolds stress distribution. Based on their reS0lspppi et al. (2018)onclude that the
aspect ratio does not significantly affect the flow structureer the range tested but the
vegetation density seems to play the major role in the hydrodynamic struc&ualtieri et al.
(2018) studied the main flow structure of submerged vegetated flows for high aspect ratios
(higher thanu). They used conventional flow resistance afijpns, such as Chezy and Manning
equations, to predict different submerged vegetated flow scenarios recorded by previous
research. They conclude that, although these equations are not usually suitable to predict the
flow conditions, they can fit experiméal data for highsubmergenceaatios as the differece
between a rough bed and a vegetated bed can be considered indistinguishable.

2.3.2. Partially Vegetated Flows

In a similar way to submerged vegetated flows, in partially vegetated flows, emergent
vegdation only covers some areas of the channel. Vegetated banks are one form of partial
vegetation, where vegetation covers thmart of the channel close to thbanks of the river,
allowing free open flow conditions in the centre of the channel. This camfiigun creates a
variation of flow resistance along the transverse direction that affects the distributiadheof
longitudinal flow velocityNezu and Onitsuka (2002)easuredhe longitudinal velocity anthe
turbulence in an open channel with half of igdth covered by artificial vegetation. The
transverse profile of longitudinal velocity showed a strong inflected region near the vegetation
edge and two regions with different primary velocities on either sides (a lower velocity region
within the vegetaton and a higher one in the free open region). This inflection profile matched
with an increase of the Reynolds stress profile. A-defined peak was found at the vegetation
edge, which increased for higher vegetation densities and for higher FroudeemsiNiezu and
Onitsuka (2002)showed that, due to the shear instability produced by the flow resistance
differences, horizontal vortices are created in the shear layer between the vegetated and non
vegetated layers. These instabilities increase in strefgtthigher densities. In addition, their
results recorded strong secondary currents in the shear layer, which also increased with Froude
number.

White and Nepf (2007)performed experiments with artificial vegetation to record
velocity and turbulence data for shallow flows with amergentvegetation patch located at
one side of the flumeFigure 2.8has been taken from their work and shewhe recorded
longitudinal vebcity and the Reynolds stregdthin vegetatedbank flow.Figure 2.gleft) shows
the longitudinal velocity profile normakd by the free open flow for different vegetation
densitiesf 1@t &rdt T andT jt Figure 2.8right) shows the Reynolds stresscorded for
the same flow conditions normaéd by the friction velocity. The measurements were taken at
mid-depth using a Laser Doppler Velocimetry (LDV) and the transversal position of the
vegetation boundary is referred @ A I. The experimental mults of White and Nepf
(2007)plotted inFigure 2.8howalow velocityregionwithin the vegetationaregionin the free
flow with higher primary velocity and a shear layer between both, similar to the velocity profiles
recorded byNezu and Onitsuk§2002) In addition the Reynolds stress recorded showsharp
increase within tle shear layeand lowervalues within the vegetated and the free floegions
Moreover, White and Nepf (2007yecorded an inflection point in the longitudinal velocity
profiles close to the vegetation edge ( TTA ).
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Figure2.8. Normalsed longitudinal velocity and Reynolds stress data along transversal directio
partially vegetated flow\White and Nepf, 200).
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Based on their experimental resultg/hite and Nepf(2007) defined two different
lengths within the shear layefThe inner lengthis definedfrom the inflection point to the
constant flow region within the vegetaticandrelates to the penetration of instabilities into the
vegetated patchThe outer lengtlyoes from the inflection point to the constant free open flow
and relates to the size of horizontal vortices generated in the shear.Mylgte and Nepf (2007)
pointed outthat these two lengths were different, showing an asymmetry of the shear layer.
They related the length scale of the inner region to the vegetated resistance.

1 0 Q&g Y

Wher¢| is the length of the inner layeHowever, the outer lengths obtainedere
found to be independenof vegetation densitysuggesting the small influence of vegetation
elements in the outer regionn addition, the outer length seemed to be dependent on the water
depth and the bed roughness, althoughclear relationship wasot found. In addition, the
position ofthe velocityinflection point matched with maximum Reynolds stress recorded for all
experiments.

White and Nepf (2008proposed two expressions to defirike transversal profile of
longitudinal velocityin shear layers generated by partial vegetation. A scheme of this model is
plotted in Figure2.9. They an several experiments using artificial stems to simulate vegetation
with different vegetation densities and shallow water depths, recording longitudiakcity
and shear stressThis data was obtaindaly measuring instantaneous-R2 velocity components
with a LaseiDoppler Velocimedr (LDV) at miglepth.

They considered four different layers along transversal direction with different
longitudinal flow elocities. A constant velocity withithe vegetation was considereds a
momentum balance between gravity and the combination of drag and bed resisfanc 26).

In addition, a constant longitudinal velocity was considered in the open flow regiomfartfre
vegetation. This velocity was obtained by a balance between bed resistance and gravity force
dal yyAy3aQa | vy Rinttodic®d igSec8opxizl (G A 2y a o

Within the interface between vegetation arttle free open flow region, a high shear
produces a sharp transition betwedie vegetated velocityandthe faster velocity outside the
vegetation. White and Nepf (2008)described this velocity profile in the inner region by a
hyperbolic tangent shear profile
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Where ) is the msition of theinflection point andY “Y®  °Y s the slip
velocity. They estimated valuesiof , @ and™Y using a nodinear regressior{using the
al Gt 6 Tdzy Ol Abaséd amtbe[r &xpeBrhemtad safuésThe results ofWhite and
Nepf (2008)showedthat the inflection point was located at the vegetation limit excépt the
sparse cas¢' T8t { where t was located ato  ¢Q In addition, their results suggested a
dependence between and the length scale of vegetated drag, with a minimunmer
length that penetrated at least to the first row of stems. Thus, they suggested following
empirical expression to obtain the lengthtbk inner layer.

1 I A6 o mQ QKD T
Whereparametersoy  T@and®  p&were obtained from experimental results. The
outer layer was considered independent of the inner layidresize of theshear layer outside
the vegetation was obtained from the balance between the pressure gradient and the surface
slope and considering eonstant eddy viscosity\(hite and Nepf, 200). Thus, the solution
follows a quadratic function.

” . . . W W W W

: : . : p :
Y Y Y Y z - QR
1 T @ p
Wher¢g is the length of the outer layew is the position at which inner and outer
slopesmatch, andyY Y @ . Using experimental data,nainitial value forw was
consideredandthe value of was obtained using a quadratic regression. This process was

repeated until the slopes ahe inner and outer layers matched ab . A scheme with the
different parameters introduced bwhite and Nepf (2008js plotted inFigure 2.9

Innerj _ Outer

Uveg Ulnner
Figure2.9. Scheme of model proposed lyhite and Nepf (2008).

Later,Tang et al (20099ndCheng et al (201(roposed analytical solutions for partially
vegetated compound channels. In both cases, authors considered effects from secondary
currentswhereby thetransverse velocity gradient gecondary currents anithe eddy viscosity
should be known and introduced into their models. This assumption matched with previous
results obtained in shear layers generated in compound chanHelsi et al., 2008 However,
this assumptionwas not considereéh White and Nepf (2007)vork, where secondary currents
were neglectedo obtain the mean longitudinal velocity profilegr an experimental range of
noomdie T,Q T@ru LT okwand’Y ™o Pgrg owly B
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More recently,Meftah and Mossa (201&and2016b proposed a different approach to
define the longitudinal velocity profile in partially vegetated flows. They ran several experiments
in an open channel afi width and installed a uniform patch of artificial icyers in the centre
of the channel with a length afi , allowing a free flow region at each side between the channel
wall and the patch. Different vegetated patch widths and water depths wetablishedand a
solid volume fraction of? 18t T qwps fixel. For each flow condition, the three velocity
components were recorded for several transverse profiles using an ADV located-c il

Their experimental data show that, once the flow enters in the partially vegetated
region, the flow within the arrag starts to decelerate due to the increase of drag and the flow
velocitywithin the unobstructed region starts to increase. These effects continue until the flow
reaclesa point in which both the flowelocitywithin the obstructed region and within thede
flow region no longer change in the lengthwise direction and the shear layer produced between
the two constant layers is completely developed. Experimental results with the same flow depth
and flow rate, but different contraction ratios (the ratio betem the obstructed and the
unobstructed widths) show that higher velocities were recorded in the free flow region for
higher ratios, and thus narrower unobstructed widths. These results suggest that in real rivers
an increase of the contraction ratio couildcrease the erosion of the riverbanks. Moreover,
experimental results show that the peak of the Reynolds stress was shifted away from the
vegetation boundary. This displacement of the maximum Reynolds stress is in accordance with
that observed byWhite and Nepf (2008¥or sparse vegetation densities.

Based on their experimental resultdeftah and Mossa (201&%and2016b) proposed a
modified log;law to desaibe the longitudinal velocity profiles withitihe fully shear layer in the
outer region (between théree flow region and the inflection point) and a polynomial expression
to define the shear layer within the inner region (between the inflection point and the vegetated
velocity region). For these proposed expressjdlifferentphysical variables wemrefined using
empirical relationships obtained from the experimental data. However, some of the proposed
parameters werefound to be constant which may not be applicable to other scenarifps.
with different vegetation densitigs

2.4. Mixing Processes

Mixing processes are all mechanisms involved when a solute is introduced into a flow
andit starts to spread out fronof the source. The key processes that interact in the transporting
and spreading of the solute include:

Advection

OAdvection is the bolji movement of a parcel of fluid resulting from an imposed
current€ Rutherford, 1994 For a given flow, a tracer injected into it will move downstream with
a certain velocity, which depends on the velocity of the flow and the buoyancy of the tracer. In
a scenario with pure advectiowithout any boundary effectthe cloud of tracer would only
move with the flow, without any mixing.
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Molecular and Turbulent Diffusion

If a tracer with no buoyancy is introduced into a stagnant water body far enough from
anyboundary, it will spread out slowly in all directions at the same rate due to random molecular
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Where0 is the mass flux (in this case in tflirection), Gis concentration ane is the

molecular diffusion coefficient.

However, in most riversdiv is characterisd by high Reynolds number amslfully
turbulent apart from a small area close boundaries. When flow is turbulenthe velocity at
each spatial point exhibits random fluctuations in timeith respect to the timeaveraged
velocity. These fluctuations increase local concentration gradibptshearing the flow and
hence increasing the molecular diffusion. This process is called turbulent diffusion and it can be
defined as the accelerated process of molecular diffusion due to the shearing of flow in
turbulence regimes.

Shear Dispersion

In a flov with no obstacles, transversal and vertical profiles of longitudinal velocity are
not constantdue to resistance from channkbundariegSection 2.). Thusthe tracer near the
banks and bed will travel slower than the tracer in the centre of the chiarithen initial
transversal line of tracer is considered as it is showRigure2.10, this effect mentioned will
cause thdracerto takeanon-linearshape due to differences in longitudinal velocity. As a result,
the transverse concentration gradieiricreases, promoting transverse mixing. Shear dispersion
can be defined as the spreading of tracers due to velocity gradients on the flow velocity profiles
(Rutherford, 1993. This effect is produced in both transversal and vertical direstiaithough
in most open channel flowthe transversalelocity shear isgreaterthan the vertical sheasas
higher velocity gradients are producéeischer, 196).

Wall

Concentration T1 I )oncontralon T2

Wall

Figure 210. Plan view sheme of shear dispersion effect

Main Flow
Direction

In order to define a goveing equation for mixing in open channels,laminar flow
condition isfirst considered. In this flow, there is no di§ion produced by turbulence so only
Y2t SOdzf I NJ RAT Fdza A 2 yeq.RBFakdadection dffecOmixhy. QansidermdNA (i
a bady of fluid moving with the flow and a solute pasgthrough it, both molecular diffusion
and advection processes can be combined by considering conservation of mass as:
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Eq.2.35 is known aghe diffusion equation and defines the transport of a solute by a

Fickian diffusion process. This expression can be applied to an open channel flow element by

consicering a steady laminar flow and defining it for all threehogonal directionsFor each

direction, the total flux can be defined as:

e 1O .
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Where the componenté (U ¢and 0 Qrepresent the advection process for each
direction. In addition, thenass variation of solute can be defined as:
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Consilering that the total flux produced in all directions must be equal to the mass
change of the solute within the fluid element.
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If expressions ireq. 2.36, 2.37 and 2.38 are combined and molecular diffusion is
considered uniform in all coordinates
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Eq. 2.44 is the advection diffusion equation and predidhe concentration of a
conservative solute within laminar flow conditions at any position if the molecular diffusion
coefficientis known.

However, most of flows in rivers and channels have a turbulencieneegnd hence
turbulent diffusion mustlsobe consideredTaylor (1921 pnalysed theoretically the spreading
of a cloud of tracer particles ia stationary homogeneous turbulendield. In this analysis, a
coordinate system in which the origin maeith the cloud was considered and the mixing
process was studied. This analysis shows that, after atnfirmm the injection of the tracer,

(KS @FNRIYyOS 2F (KS Ot2dR AYONBIada fAYySINI& @
flows. Thusby analogy basedoh I @ f 2 NR& |yl feéara GKS GdzNbdzZ Sy
as.
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WhereQ, 'Q andQ are the turbulent diffusion in eacHirection and (Ifdenotes the

temporally averaged concentration. Using the same steps as falléeréhe advection diffusion
equation for laminar flowshe following equation can be obtained.
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In this equation both moleculadiffusion and turbulent diffusion are described.

However, in turbulent flow molecular diffusion is negligible compared with turbulent diffusion

(turbulent diffusion is of the order @b Tt | j Q whereas the molecular diffusion is typically
p 1t I jQ. Thus,either if molecular diffusion is neglected or if it é®nsideredinto the

turbulent diffusionterm, eq. 2.48 becomes

To6 ,176 16 106 1 To T To6 1 T o
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Whereé d¢fandO, 'O andO are the longitudinal, transversal and vertical mixing

coefficientsrespectively This is the generahree-dimensional Advectiol Diffusion Equation

(ADE) conventionally usedR(therford, 1994. However, this equation requires a lot of

information aboutthe velocity and mixing coefficients and in most practical casg<s?.49 can

be simplified depending on the scenario studied.

In most real rivers, the channel width ggeater than the water deph. With this
consideration, three different zones can be defined. If an instantaneous point source is
consideredthe regionjust downstream ig€onsidered ashe near field. In this regiothe tracer
is mixedin all three directions anthe full 3-D equaton is required Rutherford, 1994. Asthe
water depth is smaller thathe channel widththe concentration becomes well mixed first in
the vertical direction. The mid field is the region wlehe concentration gradients in the
vertical direction arenegigible. Thus, the equation can be averaged over the depth, neglecting
vertical components and becoming a 2D equation, where both tranevans longitudinal
mixingcomponents are studied.
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Finally, in the far fielthe tracer becomes well mixed also tramssally, andeq. 2.49can
be simplified into a 1D form where ortlye longitudinal components are studied. In addition, if
the problem assumes a steady source rather than an instantaneoustiome,dependant
elements can be removed and hence longitudinal components can be neglected for each field
explained previously. Therefore, after fully cross sectional mixing, concentration at each point
in time and space becomemiform.

2.4.1. Vertical Mixng

In rivers, the main mechanism that promotes vertical mixing is turbulence generated by
velocity shear at the channel beth awide open channel flowwhere effects from walls are
negligible the vertical mixing coefficient depends on the turbulencegmated bythe chanrel
bed. Reynolds analogy defingg vertical mixing as a function of the eddy viscosiy (

0 Y& QKD T

Where"Yds the Schmidt numbeWhile a universal value for this parametéas not
been found,it iscommonlyassumedhat by analogy between momentum and mass transport
(Prandtl analogy)Y® p. However Gualtieri et al. (2017)evieweddifferent valuesof Schmidt
number obtainedrom previous work. They noticed that most te discussed work proposed
a“Y&aIuebetweennfp andp (Arnold et al, 1989; Lin and Shiond,995andSimoes and Wang,
1997), although results from sedimes@den open channel flows suggest a valuévabetween
p& and¢®. Djordjevic (1993)presented a mathematical model for transport processes
validated with his own experiments, obtaining¥a p, same result as that obtained Bymoes
and Wang (1997for the vertical mixingFinally Gualtieri et al. (2017pbtained a value ofY &

p& to best predict the transverse mixing in a rectangular open channel flow.

If avalue ofY® pistakenfor neutrally buoyant tracersRutherford, 1994 Shear stress
(eq. 2.2 can be considered as

R .
* P g o P
Substitutingeg. 2.50 into eq. 2.51.
w2z a
0O ° P Qgd
ey o
IQ(:X

Assuminghe vertical profile of longitudinal velocity follows a logaritic law €q. 2.10).
a
O l6*a p —Q QFgd o
Finally,Jobson and Sayre (1976uggested that vertical concentration profiles are not

sensitive to the vertical variation dD and hencethey defired the overall vertical mixing
coefficientover the water depth as.

I
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The dstance needed foatracerto become vertically well mixed depends on the water
depth, thevertical mixing coefficient and the location of the sourBeitherford, 1993.
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Where U is the deptiaveraged longitudinal velocity is the distance needed for
the solute to become vertically well mixed if the point source is located in the middle of the
water depth and O and 0 are the distance if the injection point is locateat the

bottom depthor at the surfaceespectivelyRutherford, 1993.
2.4.2. TransverseMixing

For a steadystate injection( @7 0 ) of ahomogeneouwertical line of solutethe
vertical concentration gradient becomes negligible and tingsvertical mixing component can
be neglectedThereforethe ADE can be considered as a degtieraged process.

® ® 0 0
A T ! © ! |
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If a straight channel is considered, transverse mean velocity is negligible compared with
the longitudinal component. In addition, the steadgurce injection producea constant rate
of solute injected into the flow and hence the longitudinal mixing component can be neglected
(Rutherford, 1993.
J® 1 T o
0—— —, D —, QOKd
w Tw T &8 ¢
Under the assumption of all cetant longitudinal velocity, water depth and transverse
mixing coefficient along the spanwise directieq, 2.58 can besolvedas:

0 Yo o
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DK w
Where 0 is the transvershlocation of the injection and) is the injection rate. Solute
transversal profiles undeeq. 2.59 exhibit a Gaussian shap&ransverse mixindgpecomes
especially important in scenarios whethe injection can be considered continuous and

longitudinal processes can be neglectednost wide channelshe velocity gradient is assumed
to bezero in the centre of the channel and theg. 2.52 cannot be resolved.

Different methods have been proposedo determinate the transverse mixing
coefficients Baek and Seo, 20)6A widely used method for the calculation of transverse mixing
coefficient is the momenbased method. This method is basedtba growthin the streamwise
direction of the second momer{variance) of the concentration dat&ayre and Chang (188
proposed an expression to calculate the transverse mixing coefficient under stéstdy
conditions by assuming a linear increase of variance with distance.

YQ,

o R
¢ Qw

Qgd
Where,, is the variance of the transversal solute profile and theref@rej Q cis the
variation of variance along the channel length. This variance was obtained using the standard
method of momentsRutherford, 1994 for each transversal concentration profile.

-23-

Santiago Rojas Arques
Department of Civil and Structural Engineering



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

0 0Qw QD p

0 0 'Qauw QD ¢

) 0 Qauww Q&® o
N :

0Qeoi soQQD— QR 1
O U :

W Wi Qooe,,wQD— . QRd v

Whered is the concentration value at each spése positionw. However, when this
method is used, errors the calculation of the transvee mixing coefficiendre susceptible to
be produced. These errors may be produced as the transverse mixing coefficient is obtained
from evaluating the rate of change of the variance of the concentration profiles.ais Iquite
sensible to the accuta identification of the end of the concentration profile tails, and thus the
O0dzi 2FFé¢ O2yaAiARSNBR (2 RStAYAGIEGS GKS SELS
instrumentation noise critically affects the variance evaluatiShucksmith, 2008Baek and
Seq 2016.

The use of optimiation procedures improves the accuraoptaining of the mixing
coefficients by eliminating the errors produced in the variance calculation. These procedures are
based on the comparison of experimental concentration data with those predicted using any
equation or set of equations that properhescribe the behaviour of the pollutant plume under
certain conditions (e.geq. 2.59. Boxall (2000)and Dennis (2000suggestd that using these
optimization procedures the dependence of mixing coefficient results on the cut off level chosen
becomes relavely insensitive. MoreoveBoxall (2000argued that a cut off level up to a
of the peak concentration valuean still produce accurate mixing coefficients using these
optimization proceduresMore complex methods rely on fitting models of variowsnplexity
to data and calibrating the transverse mixing coefficient directly, such as the Computational
Fluid Dynamics (CFD) models, which use numerical methods and algorithms to solve fluid
dynamisproblems Sonnenwald et al., 2019, Ghani et al., 2Q1Bhese solutions require a high
computational capacity and they typically require the use of experimental data for their
validation.

Webel and Schatzman (198#n several experiments in a straight channel to measure
transverse mixing coefficient$he salite was injected in the centre of the channel and results
showed that for awvidth-depth ratio large enoughuf j 'Q ) to avoid any effect of the wall
shear zone in the plume, the transverse mixing coefficient is independent jof2 In addition,
for @ j"Q v their results suggested a constant dimensionless transverse mixing value of
O j'®° ™ an straight, uniform and rectangular channel flaws
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Rutherford (1994 xollected and compared several previous research data of transverse
mixing in natural straight channels and concluded that the value seems to be around.

O
TV mr T QED ¢

However, this rang of values is affected by variations in both geometry (meanders) and
flow field (secondary currents). In meandering channels, experimental transverse mixing results
collected byRutherford (1994keenedto fall in the range:

0 |
W T8 Q& ® X

Moreover, for strong curved channels transverse mixing coefficients found are higher.

O
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Chau (2000yan several experimestin straight channels using different bed ghumess
and flow conditions andsed a continuous injection of dye located in the centre ofdhannel
width. Averagedimensionless transverse mixing coefficient obtained for all conditions was
O j"®° 1 Ywith an error band of p .

Lau and Krishnappan (197%)udied transverse mixing in straight laboratory channels
and they suggested that coefficients are affected by the ratio between water depth and width.
However,Webel and Schatzmann (1984ygued thatthis assumption is only valid for small
ratios and they concludethat the most important factor in straight channels is the turbulent
diffusion. Shiono and Feng (2003}udied both rectangular and compound channels to study
the effect of secondary currés. They suggested that for weak secondary currents found in
rectangular channelsafth secondary current vectorigelow p b of the main flow), turbulent
diffusion is the main factor that affegtransverg mixing processes. However, in compound
channels, secondary currents become more importavith secondary current vectoaround
T v b of the main flow), and thewtrongly affectthe transverse mixing processes. These
secondary currents are also produciedchannels with a high sinuosity, increasing the overall
transverse mixing coefficieneq. 2.68) and producing a displacement of the position of the
concentration peaks and a skémthe concentration distribution§hiono and Feng, 2003

2.5. Transverg Mixing within Emergent Vegetation

As explained irbection2.2, vegetation reduces velocityy increasing drag resistance.
In the same waythe dominant turbulent length scale is also reduced from that produced in
open channels (no vegetation) to tleenaller of the stem diametei or the mean distance
between stemsTanino and Nepf, 2008.

Nepf et al. (1997)measured transversal mixing in vegetated flows using artificial
emergent cylinders as vegetation. Their results showed thatYf&p ¢t tdiffusivity in
vegetated flows increasetbmpared withnon-vegetated scenarios witthe same flow velocity.
Nepf (1999)described diffusion within vegetation ascombination of two processesirbulent
diffusion produced by sterscale vortices createtty vegetation and mechanical diffusion
produced by tortuosity paths thahe solute follows throughoetween thestems. Her results
showed a decrease of diffusivity within emergent vegetated flows compared with non
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vegetated flows witlthe samewater depth Nepf (1999)argued this decrease islatdedto the
decrease of eddgize produced by stems although the turbulence intensity may incrédss.
is in accordance with experimental results obtainedaySerio et al. (2018Wwhoused artificial
rigid emergent cylinders in a row distributigand measured turbulent intensities and dispersion
coefficients at different positions within the vegeia.

Tanino and Nepf (2008 studied the relationship between transverse mixing and
vegetation densityby running several tests using random artificial arrays and different stem
densities from? 18t p @ ufor high stemscale Reynolds numbery Q ¢ v)rTheir
results are shown ifrigure2.11, where the experimental results are plotted in addition to the
proposed expression for the net lateral dispersion and the corresponding dispersions produced
by each phenomenon (turbulent diffusion and heterogeneous velocitgnino and Nepf
(20083) suggestd a rapid increase ofhe dimensionless transverse mixin® (Y Q) for
densities betweem 1 T8t 0.p However, for denser vegetation the dimensionless
transverse mixing decreases for values between 1@t o p & . Finally, fothe densest cases
("~ m& T@® Y, the transverse mixing increases again, although this trend is more gradual
than for sparse cases.

i N O Experimental data

- N Expression for net lateral dispersion calibrated
> ‘S, |7 with experimental data
(); 9 R Lateral dispersion due to turbulent diffusion
L TR Lateral disperison due to heterogeneous velocity field

0 0.15 ) 0.25 0.35

Figure 2.11Dimensionless transverse mixing coefficiemessusvegetation density{anino and Nepf,
20083).

Nepf (2012)argued that for densities smaller than 1@ turbulent diffusion is the
dominant effect on transverse mixinghilst for higher densities 1@ uvor for vegetated
flows without turbulence ¥ Q p m)mmechanical diffusion is the main contributor. Two
different expression were proposed, consistent with previous stulepf et al., 1997, Nepf,
2004, Tanino and Nepf, 20@8 to describetransverse mixing in emergent vegetated flows:

o mY Q 00 ™ QKD w
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However, previous studies suggestedaage variability in transverse mixing results
within emergent vegetationOne of the factors thatesults inthis variability is produced by the
random distribution of vegetation stemsyhich affects the creation ofurbulence structures
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within the vegetated flow, and thus the mixing processes. Whiikstperiodic distance between
stems for staggered configuratiorgenerated periodic turbulence structures NMeftah and
Mossa, 2013 in random vegetation the variation adpace between stems produsea
breakdown of these structures and thasfects the local transverse mixing-his effect is also
noticed inthe experimentalresults ofSerio et al. (2018)Their results shoed that different
turbulent length scales and disggton coefficientsvere obtained depending whether the data
was measured between two consecutive stems in the flow direction or within the free corridors
allowed between rowsTherefore different transverse mixing may be expected betwaew,
staggered ad random vegetatiordistributions (Sonnenwald et al., 201)7 This fact was also
discussed bySonnenwald et al. Z017), who compared different results from previous
researchersNepf et al., 1997, Nepf, 1999, Serra et al, 2004 and Tanino and Nepf,a2@383
well as results obtained from their own experiments. They discussed the variability of the
dimensionless transverse mixing coefficie@ (Y 'Q), showing thatalthough the model
proposed byNepf (2012)is the most accurate, significamariability is found between results
from other experiments and those predicted by this model untiersame flow and vegetation
conditions.

2.6. Mixing in Vegetated Shear Layers

Asexplained irSection2.3, shear layers are charactexg by two ceflowing layerswith
different mainflow velocities creating a velocity gradient between bdtbw layersand thus a
shear layecharacterisedy coherent eddy structures. Therefore, mixing coefficients cannot be
considered constanwithin the shear layer.

Ghisalberti arl Nepf (2005)studied the vertical variation of vertical mixing aloray
shear layer produced by submerged artificial stems. Toegucted repeated experiments with
the samewater depthbut with different vegetation densities, producing an increasahgar
layervelocity gradientvith increasing stem density. They first applied a#mx model to study
the exchange coefficient between vegetated and free open flow layers. Their results show that
for a given mean flow, the exchange coefficient increasesiffivdn stem densities due to the
increase of eddy intensity, obtaining a vertlgalvell-mixed profile more rapidly. They also
applied a fluxgradient model to study vertical variability of vertical mixing coefficient along the
full water depth.This modebssume that the mass of solute upstreaof the control volume
(6) must be equal to the mass of solute downstreafithe control volume @) plus the mass
flux produced in the vertical direction in the control volume.

o & Y. Y6 Q4 Q&& o
b & @

Whered Odenotes a longitudinal average betweénandd @ ¢1 & T 47 &

T @1 a 1¢). Their results are showin Figure2.12, wheredata for each vegetation density
shows a significant variability of vertical mixing coefficient along the shear layer, achieving a
maximum value close to the top of vegetatifitash linejat the location of maximum Reynolds
stress These results were scalbg the velocityincrease(Y'Y) and he length of the shear layer

( ss4d, suggesting that transport withishear layers can be charactexisby properties of the
shear layerIn addition,Ghisalberti and Nepf (200%tated two constrain criteriad(1 ando i)

to identify the regions of applicabiligf this model, described ieq. 2.72and2.73 respectively.
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Figure 2.12. Dimensionless variable vertical mixing coefficient within shear layer in subme
vegetated flowgGhisalberti and Nepf, 2005)

Rubol et al. (2016proposed a semeémpirical model to estimate the variable vertical
mixing in submerged vegetated flows. The mean velocity was estimated using the model
proposed byBattiato and Rubol (2014)which only requires the value of the permeability of the
vegetatbn and the stem height. Based on their resuBsttiato and Rubol (20143uggestd
that the increase of the vegetation density, and thus the increase of the velocity shear, psoduce
an increase of the asymmetry of the concentration profile. Moreover, thieserved that an
increase of the vegetation density enhances the vertical mixing, reducing the peak concentration
of the plume.Battiato and Rubol (2014¥oncludel that the most important parameter that
controls the solute mixing, its asymmetry and thecdmase of the peak concentration is the
permeability of the vegetated layein addition, Rubol et al. (2016used the experimental
results obtained byGhisalberti and Nepf (2005 validate their model. The vertical mixing
coefficients were obtained byitfing the experimental concentration data to their proposed
model. Their results suggest that a constant value of the vertical mixing coefficient may be
accurate enough to reproduce the concentration profiles through and over submerged
vegetated flows fordense vegetationThey obtained a constant vertical mixing coefficient of
0  p®A | TOfor the first concentration profile that increased for downstream profiles until
reaching a constantvalue @ t® A | 7O These values agree with the overall vertical mixing
obtained byGhisalberti and Nepf (2005nd with those results obtained biermini (2019)
who obtained an overall vertical mixing®f v A | ¥Ofor submerged vegetated flows with a
vegetation density T® 0.V
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Variable mixing coefficients were also studied in shear layers generated in compound
channels. Zenget al. (2008) studied eddy viscositin a compound channel. They measured
instantaneous longitudinal and transversal velocity component usingOalaser Doppler
Anemometry (LDA) along the spanwise direction. From this data, turbwlelucity was
obtained and eddy viscosity was calculated using the analogy between the Reynolds stress and
the viscosity shear stress.

ov
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The eddy viscosity results were averaged for each sub section (the main channel, the
floodplain and the side slope betweethem). In addition, they injected Rhodamine WT
constantly anden transversal tracer profiles wemmeasured by sample tubes connected to a
fluorometer. Three different injection locations were considered along the spanwise direction
to record tracer concentrations along each subsection, and a constant transverse mixing
coefficient was obtained for each std#ection usingeq. 2.59 Results suggested an increase of
transverse mixing processes within the side slope between the two channskestibns.

From the same studysuymer and Spence (2008judiedthe longitudinal véocity and
the variable transverse mixirgpefficientin compound channeldrofiles of longitudinal velocity
alongthe channel width presented a similahapeto those obtainedin previous studiegor
partially vegetated flowgKnight and Shiono, 1996 The longitudinal velocity results showed
velocity shear layer between two constant velocity regions and an inflection lpaizted at the
edge between the floodplain and the side sloféhe transverse mixing coefficientsere
obtained using the generafid change of moment method proposed biplley et al.(1972,
which relates the variation of the transverse mixing coefficient with the longitudinal rate of
change of mass flux variancéhe variation of the variance between consecutive transverse
concentration profiles was studied by assuming three sections with different transverse mixing
coefficient (the main channel region on the floodplain far from the slope asbtbpingthe
region betweenthem). Results suggested an increase of the transverse mixing coefficient for
the region located at the side slope, matching with the increase of the Reynolds stmgsver,
the generalised change of moment method accountshe variance of napw portions of the
concentration profiles. This parameterquite sensitive to the values of concentration at each
position, and thus small errors or variations in tmeasurementof the concentrationprofile
mayproduce high variations in the varianddoreover, as it was discussedSection 2.4.2the
variance obtained from the concentration profiles is quite sensible to theoffuevel applied
to the profiles, and thus errors in the calculation are susceptible to be produced.

Besio et al. (2012yan several experiments to measure variable transverse mixing
coefficients in compound channels by injecting the solute in the main channel or in the
floodplain. From these experiments, they calculated different constant transverse mixing
coefficients for te main channel and the floodplains respectiveliheir results suggest a
dependence between constant transverse mixing coefficients and depth ratio betiveemain
channel and the floodplairResults showed high transverse mixing coefficients for higher depth
ratios and a decrease of the coefficients when the depth ratio became tdgseThis trend
suggests a dependence between the increaghebveralltransverse mixing processes and the
increase of thdongitudinal flow velocity gradient between the main channel and the floodplain.
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Tabatabei et al. (2013neasured constant values of transverse mixing coefficients in
channels with dunes introduced into the bethey ran different experients with and without
vegetation at the channel walls to study the variation of the overall transverse mixing with the
presence of riparian vegetation. This riparian vegetation was locattedch channel wall with
a water depth range of @ o @A | and a nean longitudinal velocity flow rangef¢ T
¢ ® A 7O Instantaneous longitudinal, transversal and vertical velocity components were
recorded for each testTheir results showed an increase thie overall transverse mixing
coefficient ifthe riparianvegetation was installed at both sides of the channel.

West (2016)%tudied variable transverse mixing coefficients in channels with vegetation
at one bank usingoth artificial and real vegetation. The vegetated bank of artificial vegetation
was designed using two different vegetation densiffes 1@t cand? 18t mM)vIn the same
way, two different scenarios were studied using real vegetation. FeseltasesCattal reeds
(typha) were cultivated in winter and summeeasongo study real vegetation at two different
stages. Real vegetation presented a nbwwmogenous distribution over the vegetated bawmith
an average vegetation densiof» 18t p gndr 181 0 for the winter and summer stage
respectively.

The applicability of the flux gradient model proposed Ghisalberti and Nepf (2005)
(eq. 2.7 was studiecconsidering the constraircriteriadefined ineq. 2.72and2.73, and using
new experimental dataBExperimental data recorded for the lowest, artificial vegetation density
(" m8t muwvasfitted for both upstream and downstream concentration profiles with'a 3
order Gaussian distribution. The constitagriteria were applied to the fitkd concentration
profiles within the shear layer and the regions where the flux gradient model cannot be applied
were studied. First, two small violating regions close to the maximum concentration were
observed. These two regions were attributed to differeqdn the sign of the concentration
gradients. These regions produced a discontinuity between the regions where the criteria were
not violated, resulting in a transverse mixing profile with a reduced physical meaning. In
addition, two violating regions werobserved at the tails of the concentration profiltisese
regionsbeingwider than those obtained at the peak of concentration profiles.

Moreover,West (2016)oticed that the violating regionsfluencedthe estimation of
the transverse mixing coeffants within the norviolating regions, distorting th®© w profile.
Furthermore, the flux gradient model cannot be used in those regions where there is a change
in the concentration gradient sign from upstream to downstream concentration profiles
thus the modeproduced unreliable values @  in the vicinity of the shear layer. As a result,
the flux gradient model cannot be certified as an accurate method to quantify a variable
transverse mixing coefficient profile in partially vegetated flowserefore West (2016)
proposed a Finite Difference ModéF.D.M.)to simplify the ADE for a steadgource and
considering a vertichl well-mixed concentration profile.

PV 0 101 TS EERRN S6 16 1 :

Steps considered for the F.D.M. duether describedin Section2.6.1 An optimization
routine was performed in order to obtain the variable transverse mixing profleso that
maximeed the fit between the predcted concentration profilesand the experimental
concentration profiles However, in order to reduce computational demand and to give a
physical meaning tthe variableO w, West (2016)proposed somenitial shapes of0
based on results obtainday Ghisalberti and Nepf (2005andGuymer and Spence (20Q9)

-30-

Santiago Rojas Arques
Department of Civil and Structural Engineering



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

Three differen shapes were proposdaly West (2016 asshown inFigure2.13, including
two constant transverse mixing layewsithin the vegetation and in the free open flow
respectively, a triangular transverse mixing profile and a Gaussian transverse mixing profile. For
the last two types of profileresults obtained based on the optimizatishowed a peak oD
within the shear layerThe length of variable transverse mixing region was fixed using the shear
layer length( 1 ).

YFree

Yeg

é D}’Free

| | | i |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure2.13. Schemes & U proposed bywest (2016)

Results obtained byest (2016)y assuming two constai® regions Figure 2.13
showed a trend betweenhe increaseof the overallO  and the increase of the velocity
difference Y'Y Y "Y ). These results agree with previoussults obtained by
Ghisalberti and Nepf (2003pr submergedregetation and those obtained B&enget al. (2008)
Guymer and Spence (2009nd Besio et al. (2012Jn compound channelss explained
previously in this section.

For the results obtained by assuming the triangular and the Gaussian shapes, the
optimization routine was designed to find the maximum transverse mixing v@lue () and its
position.The results for the variabl®  profile agreed with previous results, with better fits
between predicted and experimental concentration pledi For all different flow conditions, an
increase of the transverse mixing coefficient was obtained within the shear layer, with a
(0] (0] . This maximum value seanto increase for higher vegetation density and
velocity differences for rificial vegetation cases, although a clear relationship was not found
for all conditions tested. However, the maximum transverse mixing obtained for real vegetation
testslaidwithin the range of thosebtained for artificial vegetatioreven wherhigherdensities
were considered for real vegetati@xperiments In addition, although slightly higher maximum
transverse mixing coefficients were obtained foe summer season compared withe winter
season for triangle shapes, higher  values wereobtained for winter seasons using the
Gaussian shapdn addition, the position ofO was expected to be found close to the
vegetation edge, matching with the location of peak turbulence as foun@lugalberti and
Nepf (2005) This match was obsezd for results obtained by assuming the triangular shape,
where position ofO matched with the limit of the vegetated region for both artificial and
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real vegetation tests. However, for results obtained by assuming the Gaussian shape, the
position of ‘O for sparse artificial vegetation density ( 18t m)useemed to be moved

T ¢ Ip to T T ft further from the vegetation boundary, although no trend was found in this
displacement. No displacement of thH® value was observed for the dense artificial
vegetation case. However, a different behaviour was observed for real vegetation cases, where
a displacement of thé value was observed for both densities, being higher for denser
scenarios18t X k for the winter season ant8t wb for the summer season respectively).

Finally, the best fit between predicted and experimental concentration profiles were
obtained by assuming the Gaussian shape. A higher correlation was obtained for artificial
vegetation Y T@op pagdY 10 X Tiar high and low density respectively) than for those
obtained for real vegetation, where a high correlation was obtainedfewinter season’y
T80 @ X lout a low correlation was obtained ftine summer seasonY 1@ 1T ). §hs poor
correlation for summer real vegetation was attributed to the split of the peak concentration into
two local peaks, which was translated across the length of the chaesit (2016)argued that
the presence of local peaks in the concentration pesfiwere produced as a result of the
heterogeneous stem distribution of the real vegetation. This heterogeneous distribution
producesa poorly defined vegetation limit with the free flow regiofherefore a more complex
longitudinal velocity profile withirthe shear layers produced, whiclinduces the presence of
local concentration peaks.

Later,West et al. (2020¥tudied the sensitivity of the results obtained by this model to
possible numerical errors caused by the spatial discretization. In additiey,dompared the
results with those obtained by two analytical solutions propose®btherford (1994andKay
(1987)to test the model. Results show an independence of the grid scale and a successfully
reproduction of 2D concentration distributions compdrwith those obtained by the analytical
solutions. MoreoverWest et al. (2020proposed a skewe€aussian shape to describe the
variable transverse mixing profile within the shear layer. They assumed that the maximum
transverse mixing coefficient valu®( ) is achieved at the vegetation boundary and that two
constant transverse mixing values are achieved within the vegetation and in the free flow region
at large distances from the vegetation boundary. They used the same optimization routine and
experimental results agVest (2016) However, no trend was found in the variation of {Be
with the vegetation density.

2.6.1 Finite Difference Model Analysis

AFinite Difference Model (F.D.Maasproposed byest (2016)or those scenarios in
which the longitudinal velocity and the transverse mixing coefficient should be considered

variable in the spanwise directiof0 ®HY & . The governing equation used for the F.D.M.
was obtained from the ADE equation by considering a steady source injé'ctian 3 111 0)

1t and vertically welmixed concentration profilesO 1 along the length:

SRR o 1031 H A B¢ T\ 3 1
Qw YO ——— —, Qw0 0w ——

, Q
o T o : g ¢

-32-
Santiago Rojas Arques
Department of Civil and Structural Engineering



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

Foreq. 2.76, a finite difference solution was used considering the channel as a uniform
rectangular grid witiQ "Chodes whereQw hYw and'O & were available at each node.
Then,the equation was discretised for each node. The transversal mixing part of theiequat
(right part) was discretised using a central approximation, and the longitudinal advection part
(left part) was discretised using an upwind approximation.

The central approximation is a tool used to solve a functimb which can be computed
but from which there is no information about how to sof@c . Thus, @ is solved using
small interval values at each side of a specific poiat

Qw Qo

Q & o Q& X

Meanwhile, the upvnd approximation considers node values in the direction of
propagation to solve it. Applying both discretization methodedo2.76for each node in which
“‘@nd’@epresent the node location in th@andadirection respectively, both left and rigparts
of the equation become:

QY 65 6 j

: Q
Ve KK Y
P Q O QO O O QO Q O o OF QRE
Yo C Y& C Yo
Then, terms fromeq. 2.78and eq. 2.79 were grouped:
o 6r T O6R T 6 T Q&S T
Where:
Q O Q0
— Q
| o & p
0%y QO ¢'QO Q O
vE = Q
Yw ¢ Yw L
Q O Q0
— Q
:Q“-’Y ; IQ
— 0 4
I 0 8 TR

Considering a grid with N nodes in the transversal direction and boundary conditions for
0 pandQ 0, asystem with) ¢ equations was generated. This system was solved using
the Thomaslgorithm approachl(ee, 201} to solve the trdiagonal matrix generated. Thexq,.
2.80for’Q ¢ became:

6 16 6 1 Q&8 v
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As® was given by the transverse boundary condition, it waseaoto the right part
of equation:

6 e 1 | 0 Qxd @
And this equation was rerritten as:
née no i Q&Y X
Then,eq.2.80for ' Q owas:
|6 16 06 QK Y
Then, substitutingd usingeq. 2.87:
e Q&Y ©

And, ad was known, it was wved to the right part of the equation and the rest of
terms were substituted in the same way es. 2.87.

née no i QBT

Then, following the same process fr 1 and follows:

n o n o i QP
In the same wayeq.2.80for Q ( was rewritten as:
n o n o i QR C

And, a®d was also given by transverboundary conditions)  was solved as:
i 10
5 12 Q&0
n
This process was applied for all different longitudinal profile locat@ns
2.6.11. Model Modification

West (2016)proposed this modificatiorto consider the lateral boundary condition
Q o,Q o T So, instead of considering the valde the value® O'Qu’) was specified. So, using

eq.2.80for node’Q pdg,

| 0 1T 0 106 | QBT
Thus, the new boundary condition establishied 06 :

T o | o Qrdou
Then for the nodéQ ¢, the eg. 2.80became:

|6 16 10 1 QB @

| 6 16 Qgdox
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Then
| [0 . . |1 :
T 6 16 T QY
Grouping terms, the following equation was obtained:
né no i QEd w
Where:
. | r .
n 1 f Q&P T
n Q&P mp
. |1 .
| 1 T QR 1 ¢
The same modification was applied to the other boundary conditiot atwhere the
new conditiont® qp  Twas considered, resulting i 0
n o n o i Qg o
no n o i QP T
Sinced 0  for the rew boundary conditiond was solved:
‘ i N O
L ; L q6 i Q& U
n n. . . n i :
o] 0 I —_— Q T
7 n 7 &P O
. n.n ‘ n i .
0 i _ Q T
7 n 7 &P T X
Solving foid :
LN n I :
0 - S ; ; Q T
n n n n oy
Ford
i 10
0 n—n QR Tw

lteratively all different concentration values were solved from ndge 0 ¢ to Q
¢. Finally, concentration valu® was obtained froneg. 2.95

5 | 'T L0 Q& p T

In addition, a® 0 , then| | I,"Q "QandO (@)
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2.7. Previous Measurement Techniques

As explained irfsection2.4, experimental studies are commonly used to study solute
transport and quantifymixing processes in open channel flows under different complex
hydraulic situations such as compound or sinuous channels, or vegetated 3ewst(al., 1994
Boxall et al., 2003Zeng et al., 2008 Turbulent diffusion is one of the most important proses
that drives mixing, as well dispersion effects due to shear layers and secondary currents.
Therefore, it is desirable to obtain simultaneous information of both mixing processes and
velocityfields and coherent structuraa complex flows.

The most coomon method to quantify mixing processes is to injetiuarescingdye or
saline tracer into the flow and measi the concentration downstream, where thdye
concentratiors are measuredby the florescence emitted under a constant light of a given
wavelengh andthe saline concentratioiis measured by conductivitrthese measurements are
typicaly takenaspoint measurementdy devicesuch as fluorometerd(lechi et al., 2016Seo
et al., 201§ or conductance meter6Colombani et al., 2016 However, thes techniques can
be time-consuming and require of lots of individual measurement points, which also increases
the experimentalcomplexity and cost Moreover, for those situations in whicthe tracer
injected is both temporally and spatially variable, theeuof these techniquesan become
particularly difficultas numerous measurements may be required to understand the spread of
solute in time and spaceFinally, these techniquegenerallypreclude the measurement of
velocity at the same time due to obstructions produced by tracer measurement devices.

Other techniques are used to measured velocity and mixing processes at the same time
without the use of intrusive devicesuch as thermogrdpc camerasQardenas et al., 2009
Andrews et al., 201L However, this method is limited by the differential of temperature
needed between the tracer and the mailow, which is usually around rdegreesCelsius.
Moreover, the temperature difference magroduce convection effest which can increase the
flow complexities.

In previous research, Laser Induced Fluorescence (LIF) teclhaguedso beeapplied
to study mixing processes in laboratory chasnatder different conditions such gsartially
vegdated channels West, 2016, sinuous channelsH{lderman and Wilson, 2006 and
vegetated flows Nepf et al., 1997. This technique consistd the use of a laser directed at a
section of the flow (usually a spanwise laser transversal to the main flowtidingdVhen dye
flows through thdight sheet a proportion of the light power is absorbed andemitted by the
tracer, hence allowing the distribution of concentration over the width/depth to be quantified
A camera located below a glass panel underlibd record the resultinglight intensity within
GKS Re&SQa SEOA,lrkelating2tie mensu@dlighd yhididsiky Awith the dye
concentrationvia a calibrationThesdasertechniques can record very low concentration values
(in the order ofp m i @,) and a positive linear relationship betweeright intensity and
concentration values can babtained.However, this technique requisdhe use of expensive
lasersand associated equipmeiind only narrow regions of the flow can be studied.

An additional nethod to study mixing processes in shallow water is by using
conventionalvideo camerago observe the spreading of tracer over a large aleacontrast
with laserinduced fluorescence techniques, where the recorded fluorescence intensity is
produced by daser, the direct measurement of dg®ncentrationusing cameras is based on
the light absorptiorby the dye and hence an inverse relationship between light intensity and
concentration is obtainedJsing this technique higher dye concentrations are regplignd the
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relationship between measured intensity dmoncentration is not linear, with the resulting
measurement sensitive to both flow depth and lighting conditions, hence requiring more
complex calibration steps. The first description of stethniques can be found irward (1973)

who was the first to measure concentration of a dye in a laboratory chansiely cameras
ThenBalachandar et al. (199@%ndBalu et al. (20019btainedinstantaneous dye concentration
measurements by using a video imagieghinique in shallow wateRummel et al. (2002)an

an experiment to anabe a depthaveraged mass concentration in shallow turbulent flow by a
single camera recording an areapsi pl . This experiment provided a new time/cost
effective measuring technique called Planar Concentration Analysis (PCA) to measure depth
averaged concentrations of a conservative tracer in shallow water conditions.

Zhang and Chu (2003nd Chuand Zhang 2004 measured the spreading of mass of a
shallow jet injected into a stagnant water body by a video imaging technique. They performed
a spatially averaged calibration over the recorded area to quantify concentration levels of dye
injected. BotlBalachandar etl (1999)andZhang et al (2003 pplied a fitting to relate spatially
averagea brightness valueso know concentration values, whilBalu et al (2001applied a
neural network approach to obtain dye concentration from red/green/bl¥éQ¥pimage values

Carmer et al. (2009)esigned a PCA experiment to study both mixing processethand
shape of thdargescale eddy structures around a large cylinder obstacle in a shallow water flow
by injecting a conservative tracétowever, they measured separatéhe surface velocity using
a PIV techniqueTheir experiment used a similar techniqueRiammel et al. (2002py using a
single camera video at three different posit®to record an area op® p& i for each
position.

To obtain measurement of velocifields, Particle Image Velocimetry (PIV) is a
technique performed quite often, using lasers to illuminate a plane of neutrally buoyant
particles in the flow to obtain velocity field®Vith this techniquepne or more cameras record
the movement of tracer pdicles Then, the technique tracks windows of particle patterns
between two temporary consecutive frames and displacement is calculated from the spatial
variation of the particle patternsif particles over the water surface are recorded, a Surface
Partide Image Velocimetry (SPI¥an beused Weitbrecht et al., 2002, Muste et al., 2014,
Novak et al., 201y. This surface technique is easier to implement tkiza conventional PIV
technique as buoyant particles are used instead of neutrally buoyaacgrs. Moreover, the
recorded area and scales can be greater and no complex laser or camera arrangements are
required. This technique has been used previously to study processes associated with large
stream areasJuez et al.,, 2019 The main disadvange of the SPIV technique is that only
surface velocities can be recorded, and thus only 2D measurements can be obtained and hence
is generally used in shallow water flows. However, this technique allows the iegofdarger
experimental area compared thi 3D PIV techniques. In addition, the SPIV technique is more
efficient in terms of time, increasing the number of experiments and thus the amount of
recorded data.
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2.8. Literature Review Summary

Previous literature discussedtims sectionshows thatthe presence of vegetation in an
open channel flow produces a reduction in flow velocity duartincreaseddrag. The resistance
added by vegetation depends on several parameters sutheagegetation densitythe stem
diameter,the canopy configuratiomndthe stem height. All of these parameters vary from one
plant species to another and thus artificial vegetation offers a repeatable approach to simulate
vegetated flows.

Further researchers have demonstrated the creation of shear layers in flows where
vegetation partially coverthe flow area,such assubmerged vegetated flows or flows with a
vegetated bank. These configurations produce tweflors with different primary velocities
and a shear layehat originates between these two regions. This shear layer is associated with
the creation of largescale coherent eddies, which increase the turbulence intensity along the
shear layer.

Some researchers have studied the influence of this shear layer in the iiRicESSES.
The results ofhisalberti and Nepf (2003h submerged vegetated flows show thagtcreation
of coherent turbulence structures enhance the mass transport, increasing the vertical mixing
compared with norvegdated flows. In addition, someesearchers have studied theansverse
mixing processes in shear layers produceddypound channel§Guymer and Spence, 2009;
Besio et al., 201 where a differential of primary velocity is produced between the main
channel and the floodplain, generatingshear layerResults suggest an overall increase @& th
transverse mixing coefficiern$ produced within thesloping region between the main channel
and the floodplaincompared with those observed within the main chanaet the floodplain
In addition,the increase of the transverse mixing coefficient seems to depend on the increase
of the velocity gradient between the main channel and the floodplain

West (2016)studied the variabléD  profile within the shear layer produced by a
vegetated bank w and propogd different shapes taepresent the variabl® w profile. His
results showed that a Gaussian shape is a good approximation to represent the variation of
O w. Moreover, his results showed an increasé®f for higher velocity gradients and a
displacement of the position d® far from the vegetation boundary for sparser densities.
However,a direct relationship betweethe transverse mixingoefficientand the variation of
the vegetation density antesultingvelocity gradient wasot found for vegetated bank flows.
Therefore, the shear layer produced in these floaguiresexperimental data tdurther study
its effects on the transverse mixing processes.

This thesisaims to useexperimentaldata gathered from vegetated bank flowsvith
different vegetation densitieso study both transverse mixing processes and 2D velocity fields
in shallow water flowsTo obtain this experimental data, a PCA technique is applied to measure
the concentration distribtion of dye downstream of the injection, and a SPIV technique is
applied to record the 2D velocity fields. These techniques are considered as:

- They allow the characterization of spreading over the length and width of the flume,
obtaining data over a larggudied area.

- They allow more experiments to be carried out, which allows sufficient dgiarform
predictive analytical relationships.
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- Previous work suggest that in flows with vegetated banks the dominant processes occur
over the width, and characteringhe vertical processes is not that critical for
understanding the mixing processes.

The variation ofhe transverse mixing coefficient within the shear layer is obtained in a
simila way as previous researchershéen, the relationship between tis varigion and the
velocity fields produced in this type of flows studied to propose raeasyto-apply model to
predict the effects of a vegetated baphk the transverse mixing processésaddition, previous
researches have studied theseffectsonly forone vegetated bankbutthere isa currentlack
of knowledgeregardingthe influence of two vegetated banks attte potential overlapping of
their associated shear layens the longitudinal velocitandthe mixing processe3.herefore, a
set of experiments wh two vegetated banks is anaBd to provide anew understandingf the
shear layer interactiomnd its effects on transverse mixing. In addition, analytical relationships
provided from previous experiments avalidated inthis new configuration.

Finally, most previous experimental studies obtained the tracer concentration profiles
using laser techniquesuchas the Laser Induced Fluorescence (LdF)direct sampling and
measurement by fluorometerdHowever, these techniques limit the number of centration
profiles that can be recordealong the streamwise directigiincreasing the demand of time and
precluding the simultaneous measurement of velocityherefore, a new measurement
technique igequiredto recordthe tracer concentration distributin along a large studied area.
This technique would allow to increase the number of concentration profiles available for
further analysis and to improve the understanding of processes happening under different flow
conditions.

-39-
Santiago Rojas Arques
Department of Civil and Structural Engineering



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

3. Objectivesof Thesis Study

The aim of this thesis introduced previouslySaction 1.1is to quantify the influence of
vegetated banks on transverse mixing processespien channel flows. To achieve thimd
based onthe knowledge gapsn previous researchdentified in Section 2 the objectives
proposed during this study are the follows:

1.

Development ofa new measurement technique to obtain rapid synchronous
measurement of velocity and concentration at high resolution across the full 2D surface
area of the low.

Usingthe output of objectivep, collect a rigorous and novel data settiofie-averaged
longitudinal velocity andepth-averaged concentration distributiorts a neutral tracer

in flows with a vegetated bank.

Using the data set demanded by objectiyedevelop a model tgredict both time
averaged longitudinal velocity anttansversal mixing coefficientbased on the
experimental results obtained in the previous step.

Using the output of objective p, collect a novel first data set of tiraveraged
longtudinal velocity and deptfaveraged concentration distribution of a neutral tracer
in flows with two vegetated banks.

Using the data obtained from objectivie validate the proposed model obtained in
objectiveo.

Usingthe proposed model from objective in ahhypotheticalscenario study whether
the increase of mixing caused by a vegetated haml sufficient scale to have a notable
and considerable impact on the mixion§ a soluble material over and above thaita
non-vegetated channel.
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4. Experimental Desigand Methodology

In this sectionthe new measurement technique is explained in detail, including the set
up used and calibrations required. Then, a detailed description and the purpose of the
experimental set ups are described. Fipameasurements from a first set of experiments are
compared against data obtained by conventional measurement techniques to validate results,
as well as some improvemerdgscussed in the last sectiocBeveral sections of this chapter have
been publishedn RojasArques et al(2018).

4.1. Measurement Strategy

Based on previousork introduced inSection2 and in order to achieve the objectise
explained inSection3, surfacevelocity fields and deptlaveraged concentration distributions
were obtained for different shallow flow conditions. The velocity study was focused on the
measurement of 2D velocity fields to studyerticallyoriented coherentstructures produced
within the shear layerWhite and Nepf, 2008 West, 201§. Depthaveraged concentration
distributions were studied by injecting a tracer (Rhodamine WT), later explaissttiond.2.3,
into the flow. The variation of the distribution of tracer concentration dstvaam of the
injection point provided information about transport and mixing processes for different flow
conditions.

The system explained below was designed to measure this velocity and mixing processes
along the open channel. The velocity fields webtained using a Larg8cale PIV technique and
the concentration distribution using a PCA technique.

The successfuiseof LargeScale PIV measurements depends on the particles used and
their distribution along the recorded area. These particles mustypced clear contrast against
the channel bed and their size should be sufficient to allow their identification. Moreover,
particles density should be lower than of water to avoid settlement, but not too low to avoid
buoyancy effectsBased orWeitbrecht etal. (2002work,¢ | | black polypropylene particles
with a density ofr@oQ A | are considered, which produce a sufficiertntrast using the
cameras setup described belovidction 4.2.2 In addition, particles should be uniformly
distributed in the stremwise and spanwise directions, with a distribution dense enough to
identify the particle patterns for each instantaneous fraféeitbrecht et al. (2002¢onsidered
a minimum of¢ particles for each tracked windowvn previous work, a homogenous particle
distribution in uniform flows was achieved using a particle dispenser to release uniformly the
particles upstreanof the recorded areaRojasArques et al., 2018 Howeverfor tests with high
velocity flow gradients along the spanwise direction, a homogesguarticle density was found
to be difficult to control Therefore, the particles were released manually upstreznthe
recorded area, avoiding any turbulence derived from this process, and raw recorded frames
were further analysed to removepurious high velocities and zero velocities obtaining from
tracked windowswith not a dense enough patrticle distribution.
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These PIV and PCA techniques mostly require the use of cameras to record the
movement of surface particles and the distributiohan injected tracer respectively along a
continuous area. Therefore, experimental data along a continuous studied area can be recorded,
providing more information for further analysis. In addition, these techniques provide an easy
and quick way to recorthe information, reducing the time demand and increasing the number
of tests that can be performed.

4.2. Setup Description
4.2.1. Channel Saip

Experiments were conducted within the University of Sheffield hydraulics laboratory. All
tests described usedn open channel constructed of reinforced glassefipanels. The channel
had a constant width qf& ¢ , a maximum depth of® i and an experimental length
of p ® 1 . The channel slope wast 1t p ,qvisich was verified by measuring the water depth of
a stationary body of water along the channel length.

To allow the installation of vegetation of diffat densities, gp® [ | thick stainless
steel panel was installedver the channel bed, with@ Tt it layer of stryofoam beneath the
steel panel to ensure the securely installation of stefiigssteelpanel was perforated byl |
holes in a hexagonal arrangement withod | pitch. This arrangement allasthe installation
of artificial stems in a staggeredistribution, which is commonly used to represent the
randomness of real vegetation growthNépf, 1999 Stone and Shen, 2002In addition, this
arrangement allowa maximum stem density 6f 1@ v which ishigher than those used in
previous work(White and Nepf, 2008nd West, 201§ and is in the range of real vegetation
studied in riversHluang et al., 200&ndSun et al., 201 Finally, this homogeneous distribution
of perforations provide a homogeneous bed roughness over the channel width and lehgth.
addition, the smooth surface of installed walls decrestbee effects of wall roughness in the
overall channel.

A constarthead tank controlled by a valve supplied a constant dischargetiatiume.
The constanthead tank was fed from the main laboratory sump by a pump. A scheme of the
laboratory flume is plotted ifFigure4.1. A flow baffle was fitted at the upstream end of the
channel to dissipate turbulent structures produced by floyedtion and a tailgate weir was
fitted downstream to control downstream boundary conditiofi$ie flow rate was measured by
an additional cistern downstreawf the channel to which the full flow could be deflected by a
manual gate. Theneasurementistern ould be blocked abutlet using a manual gate, and the
rise in water level, and hence steady flow rateuld be monitored by a float levétor each test,
p tdifferent flow rate measurements were recorded atide mean flow rate value was
calculatedfrom these
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Figure4.1. Longitudinal scheme profile of the experimental model

4.2.2. Cameras

AsshownFigure4.1, four GoPro Hero 4 Black Edition cameras were installed above the
channel to record video images during experiments for Particle Invadecimetry (PIV) and
Planar Concentration Analysis (PCA) technig@ameras were installed using a structure fixed
to the channel with aluminium beams with a double T section c&lexiroth Aluminiunstruts.

Cameras were set to record video frames watfrequency ofp 1t (and an image size
ofp T T 1P wcPrE @ Bdméras were positioned above tbentrdine of the channel width at
a height ofp& | above thestainless steel perforated sheabtaining an image resolution of
approximatelyp pl [ &ach camer was located apg | intervals along the streamwise
direction. However, the edges of each frame were strongly distorted due to lens distortion and
hence the edges were overlapped and cropp&tle @ameras recordedhe videos in'Y "0O6
format, therefae from each frame three matrices wegenerated with the red, green and blue
componentsof each pixel respectivelf.he intensity value of each matmasin the range of 0
¢ 255 (Y bit image) where a value oft means no representation of the colour agdu means
the highest possible concentration of the coloAfY "O&alue of ittt would hence be black,
and a value of¢ vl vy v would be white. For PIV videos, thlfee colour components were
considered. However, for PCA videos ahlg green matrixwas usedhence measuring the
absorbance of the injected dye as explained in the following section.

4.2.3 Dye Injection

The dre used for all tests was Rhodamine WT. This fluorescent component had an
absorption/fluorescene spectrum as shown ifrigure 4.2 obtained from Melton and Lipp
(2003) Its @sorption has a maximum at a wavelengthuob b i and its maximum fluorescence
is atu Yo I. Based on this, commercial green LEDs were used to illuminate the full recorded
area. The green spectrum was around: frti tov ¢ frti, a range that was strongly absorbed
by Rhodamine WT and it was away from the maximum Rhodamine WT fluorescence region.
Therefore, the dye used in experiments absorbed green light along the recorded area, producing
a lower green intensitywhere the dye is presentThis intensity decrease was related with the
local amount of Rhodamine WT presdnt each water depth (explained in more details in
Section 4.4.
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Figure4.2. Absorbance and fluorescence spectra for Rhodamine WTNtelton and Lpp (2003)and
green spectrgthe wavelength emitted by LED lights).

This fluorescent dye was found to have low background fluorescence, which allowed a
higher sensitivity and lower concentrations to be record8dchért and Laidlaw, 187; Trudgill,
1987). However, it was found to be affected by water temperature and watdrand also
presented a decay due to sunlight. Due to these reasons, tap water was used for calitiration
avoid any reaction with chemicals that could have been added into the wateersysuch as
bleach which could distort the calibratiorMoreover, regular temperature recordings were
taken to ensure a constant water temperature and Rhodamine WT was stored into an opaque
bottle far from sunlight Nevertheless, the decay of Rhodamine WTot significant over the
time-scale of a measurement.

A constant head tank was installedt | upstream the recorded aret supplythe
Rhodamine WT dye to a vertical pipe with @nternal diameter ofti [ . This pipe was
perforated withp i | diameters holes separatka distance op 1t | along the pipe height.
For each test, holes along the water depth released several continuous injections into the stream
along the water depth, promoting a uniform vertically welixed conditiorin the measuement
area In addition, holes abovihe water surface were covered to avoichagherconcentration
at the top of the water depth. The injector was located at a distance lofupstream of the
recorded area to ensure vertically wellixed conditions. Thiglistance was obtained by
consideringthe expression to obtain the distance for complete vertical mixiRgtkerford,
1994). If a point source at midepth was considered, the expression to obtain the vertically
well-mixed distance could be obtained as:

. YQ .
0 ILt) O'—'[O— QP
Where 0 is the distance needed for a vertically welixed condition,Qis the

water depth,Ythe depth-averaged longitudinal velocitgnd’ O 18t @ X*0Gs the vertical
mixing coefficient, whered” the shear velocity. This shear velocity could be considered as

z

0 "QY"Q where"Y is the channel slope aniis the acceleration due to gravity. If the
deepest water deptfQ 181 b was casidered (se@ectiord.5.1) andits corresponding time
averaged longitudinal velocity for neregetated flow conditionsY 1@ d FO(see Section
6.1.1, Table 6.}, a minimum distance for a vertically watixed condition for a point source
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located at middepth isO ¢& 1 . This result suggestbat the distanceused in these
tests(t | ) was enough to ensure a vertically wellxed condition.

4.2.4 PCA lllumination

Commercial green LEIghts were used to illuminate the flume. Light strips were
installed along the channel at different positions to ensure an approximately homogeneous
distribution of green intensity over the recorded arean Witial configuration schematisd in
Figure4.3. was designed with two LED strips along the togath channel wall and one strip
located on the beam used to fix the cameras, facing the channel bed.

=
R

NOT TO SCALE

Figured4.3. First light configuration.

4.3. Image Calibration

Camera setip is described inSection 4.2.2 A procedure for spatial calibration,
synchronization and stitching between cameveas conductedo obtain a full frame video of
the entire measurement area hese procedures are described below.

4.3.1. SpatialCalibration

Each frame produced by the cameras was distorted due to the fisheye effect of the
camera. This effect was corrected by usinthaquerboardpattern placed on the channel bed
under each camera. Theshequerboard consisted of ap (i | thickmarinewood sheetand
an areaop Y 1tp p A, with black and white rectangles pfrt p 1A [ applied via a precision
vinyl decal stickerThe centre of the sheet was located in the centre of the recorded frame for
each camera, so that the flume area recordegl bach camera was covered by the
chequerboard In addition, the black and white pattern was placed a distance from the channel
bed equal to each water deptblanned for the testsThis was achieved using wood strips with
a thickness op yy | as packing pises Once thechequerboardvas placed correctly under the
camera, a video of Owas recorded, obtaining the mean frame of the video. For each mean
FNIYS:E (GKS aldftro Ff3I2NRIGKY & BSquSOdrdiafedd SND 2 I NR
giving thewand wcoordinates of each vertex as it was showikigure4.4.
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Figure4.4. Mean frame recordedby the first upstream cameraf the chequerboardpattern with

VVVVV

Once the coordinates of each vertaere identified, the real world positionsf them
without fisheye distortion were introducedvith the same resolution as frame pixels (
pl 1), into Matlab program to relate the positions of vertex recorded with thealneositions
alongthechann@ ¢ KSy > (GKS al dfl o FTdzyOGA2y EFAGIAS2GNI vy
to convert the verices located byl K §etedCheckerboardPoiritslgorithm knownasi a 2 @A y 3
t2AYy0G4¢0 2yixknovinka§ CNIEISIR h yhis ¥a8ed @ PDDPiecewise Linear
Transformation was applied, obtainingpatialtransformation as observed Figure4.5.

a)

Figure4.5. Mean frame othequerboardbefore (a)and after(b) spatial calibration

Note that in Figure 4.5 the frame produced after spatial calibration was flipped
horizontally. This change was considered later for PIV and PCA techniques. Once the mean frame
was obtained without fisheye distortion, the image was cropped so that only the calibrated
region wherethe chequerboardappeared was used finally. The final calibrated example frame
is shown irFigure4.6.
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Figure4.6. Mean frame othequerboardafter spatial calibration and edges cropped.

Figure 4.6shows how the outer perimeter of squares includes some distortion as they
are outside the area of detected vertices, therefore the spatial transformation is extrapolated
in this region. This extrapolation can induce some spatial errors inseaadiata. ldwever,dye
plume is not studied close to the channel walls (upper and lower outer perimeter regions) and
left and right outer perimeter regions are neglected later during stiching processSge@®n
4.3.3.

Next, the quality of the transformation wassessed. Once the spatial calibration was
performed for each camera and water depth, coordinates of new corners were again obtained

~ A 4 ooA =

dzaAy3d GKS abdtro FfI2NRGKY aRSGSOG/ KSOT SND 2 NR

points and the real corner positiomgere obtained. Results are shownTiable4.1, where YO

Yo Y. Results suggest good calibration with mean displacement errors smaller
thant® | | and maximum displacement errors smaller thag u

Table4.1. Differences between calibrated and redlequerboardcorners

$AD(# AT Al - A | - AAUT -AAB T [-AWpii [-A®ITD [-ABii
g p T8 T X 8L 1 T T G T TT X T T p ™ o1
G T8 0 O T8¢ 1 T8t Y v ™ ny ™ p @ ] WU
9 T8I T O T8 T W T8 X W ™ W T8 ¢ T ™® 0 W
T T8I T O 8L @ sy Y ™ 0 W T8 T T T™®TOo
T p gty T8t X U ety g T we ™ C @ @G o
q T8t ¢ W 8L TT G 8y g ™ X Y ™ Cy ™ Y
9 T8I g T 8L p O ™ TV T® O G ™ TP ™ o w
T T8Lo v 8L 0 O T8t U X ™ 0 W ™ YT ™ T
XS P T8t p X mdt ¢ v T 1Y T™® C ¢ ™ Yo ™ U W
S T8t ¢ X marp T ™ p w e @ @ e T @ T TV
o T8t ¢ X T8 TT P ey Y T8 G X & 0 ¢ ™ U @
T T8tp o T8t T v 8ty p T8 P G ] Q1 T T T
wn| p T8I TT X T8I 1T 8L Y W T® pp @ TG 8 oY
G T8t o 1 T8 T W sty Y T8 op ™ o1 ™ ¢ X
(9] T8t ¢ @ T8t p O 8t Y v ™ 00 ™ y o ™ ¢ T
T T8tp 1 8ty @ 8wy ™ yp ™1 p T WX
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4.3.2. Synchronization

Once instantaneous frames recorded by each camera were calibrated spatially, a
synchronization between cameras was needed in order to combine the frames from all cameras
such that they aligned in timd-or each test, cameras were controlled by a GoPr&iRiemote
control. However, this trigger only could synchronize cameras to withiq) which in this case
meant withing Z£O A | Il @dder to reduce this recorded timéfférence between cameras, a
LED timer was used to provide an external absolute time for each camera. This timersamnsist
¢ columns ofp TLEDS, so each column repentsa different rate of time. From right to left,
each columns set to switch at a ratten times slower than the previous column. In this manner,
each LED for first column represspti Gand each one of the last column meassipet @

For each test and onaecameras started to record, the LED timer was switched on and
placed in the fieldf view ofeach cameran turn, leaving it enough time under each camera to
record the LEDs (approx;g O. Then, for each camera, one frame with the LED timer was
analysed, obtaining the absolute timesference for that frame. The delayed between cameras
was calculated considering the absolute time showed by the LED timer for each camera and the
frame in which the timer was recordedd. 4.9.

. 0 0 )
o G Gaa o 6aa Q8
g
Where Yo was the desynchronization between two cameras, was the time

recorded by LEDs timer for camera B 4@ @ & 'Q the frame number. Frame differences
were divided by the frequency(tt Uto obtain time units. An example is vissali inFigure
4.7.

Camera 1 Frame 1 Camera 2 Frame 320

umi

10° 10* 10° 10' 107 lO‘ 10° 10' 10° 10 10° 10°

Figured.7. Example of frames recorded for camera synchronization.
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4.3.3. Stitching

Once the recorded fransewere calibrated and synchroei, a junction between
consecutive frames was needed to convert fqur 1 1 W ¢BrE @Rame into a full
framethat covered the recorded area. Forighit was necessary to obtain the number of pixels
overlappng between eachadjacent pair ofcameras (pixis for a single position which were
recorded by two camerashp o | thick marine wood plank with Black and white rectangle
pattern ofwu @ U | was placed on the channel bed between two consecutive cameras and
it was recordedfor v Oas shownFigure 48. The plank was placed at the same level as the
calibration chequerboards for each water depth usingghgd | spacersThen, the overlapped
area was obtained from each mean frame recorded by each camera, using the pattern as help.

As a result, foursynchonised frames generated individually by each camera were
merged to generate a final frame for the full recorded area with a dimensig&ot 18 U
(p ¢ ¢ @ 1 (BrE @ An afdition,Figure4.8 shows the resulting stitching of two consecutive
cameras Coinswere used to identify better the overlapped area anddemonstrate thatthe
stitching method worked appropriately.

CAM 1 CAM 2

CAM 1 & CAM 2

Figure4.8. Example of two frames recorded by consecutive cameras and the final frame a
combination of them

For each pair of frames recorded by two consecutive cameras, it was observed that
approximatelyx 1A | were recorded by both cameras. In order to avtiid spatialdistortions
along the outer perimetedescribed irSectior4.3.1, the first and lasp A | of each frame were
neglected, as these sections were recordetlably by the adjacent cameraAs a result, an
overlapped area ob 1A [ length was finally considered. Pixel values inside this region were
generated using a function that combined Odaluesfor the same spatial pixel recorded by
both cameras. This function created values based on a weighted aver#ye"6fOd&alues of
the two frames so there was a gradual transition from one camera to the ndad.Weighting
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value of onecameraincreasedsinusoidally fronttto p, while the weighting value of the other
camera decreased in the same way. A graphical example of this weighted function and a real
caseare illustrated inFigure4.9. To more clearly illustrate the methodhe example Figure4.9

a) considers hypothetical image pair where attensity pixels for Camera 1 are equaljptand

all intensity values for Camera 2 are equalctoAs a result, a transition function is created
betweenthe values otthe two camerasFigure4.9 b shows a ral stitching between two arrays

of two consecutive cameraShe same weighted function was applied attie result obtained

was a transitional set of data between both cameras basethemecordedpixel values from

each one.The black line (result) matchéise blue line (Camera 1) on the left, and gradually
transitions to matching the red line (Camera 2) on the right.

a) 2 == |ntensity value from Camera 1
=== |ntensity value from Camera 1

= :Sinusoidal weight values for Camera 1

== :Sinusoidal weight values for Camera 2

1.5 |[=Final values along overlapped region

Intensity value
—

0.5r Vs A .

100 |
1,5 ]

|

Concentration [L/L]
o
o

~
-~
o~ | |

0 -t 1
25 20 -15 -10 -5 0 5 10 15 20 25

Distance from the centered merge point [pixels]

Figured.9. Sinusoidal weight function exampléa) considering hypothetical image pair and (b) tw
recorded arrays of two consecutive cameras with a concentration pixel resolutprmofp 1 1 .

In order to reducethe high computation demand induced by full concentration maps
obtained afterthe stitching processpg ¢ 1t 1 (BrE @Aahddo reduce errors produced by
small light reflections, concentration map dimensions were reduced by calculating the average
ofp  p 1 A IThe@efore, concentration frames recorded by each camera had a dimension of
p ¢ ¢p YAA with@resolutionofp Tt p 1t 1.
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4.4. Dye Calibration

Rhodamine WT concentration for each singfetial position was related with light
intensity recorded by each camera via a dye calibration. A length of the chary@&! df , which
containedthe recorded channel areayas isolated using two vertical plywood panels sealed
with silicone. Then the isolated flume section was filled with tap water from an external cistern
by a submerged pump to reach each water depth selected for the tests deddritsection
4.5.1 For each water depth calibrated, cameras recoraddelen different Rhodamine WT
concentrations (includinthe zero concentration case) with the illumination system described
in Section4.2.4switched on and with camera settings as expéd inSection4.2.2 This number
of calibraton points is similar to that used in previous work using similar technigRasmel
et al., 2002andCarmer et al., 200P Moreover asimilar number of calibrated points were used
in previous works that usettie LIF techniqu¢West, 2016. For each concentration,@ rOvideo
was recorded once the water was still and well mixed with the dye. Then, sater@aged frame
was obtained, spatial calibration as describe@éattion4.3was applied and average intgity
of eachp 1 p TA A Iwhs@alculated as explained $ection4.3.3 Thus, an intensity map of
p ¢ ¢ p YA A lwhsCobtained for each camera and concentration with a cell size Tof
p1tl.

Table4.2. Concentration used for dye calibration.

#1 1T AAT OORAGET| m8te| p8ix | ¢po| o »| 18 U
4AD001 AAO p G o T v
#1 1T AAT OORAIET v p| o ¢ | x8 ¢ | U8 x| B p| pBD @
4ADO0OI AAO ) X P w p T pp

For each cell, an expression was used to relate green intensity with concentration
values. The same form of expression was used for all different cells but with different
coefficients. Different functions were considered to fit the relationship betweercentration
values and green intensitRummel et al. (2002andCarmer et al. (2009 pplied an exponential
relationship to relate intensitdecay with concentratioincrease This réationship was used to
describethe behaviour recorded for very high concentrations, where theordedintensity
exhibits a verticalasymptote for higher concentration valudsor the current dye calibration,
the asymptote region waavoidedin contrast tothe work ofRummel et al. (202) and Carmer
et al. (2009)and only the region where a more linear relationship between the green intensity
and the dye concentration was calibrated. As a result, and in order to avoid errors in the
calibration produced by the sensitivity ah exponenial fitting due to extreme valugs third
order polynomialfunction was proposed to fit #h relationship between the green intensity
decay and the concentration increaskis function agreed witlan exponential shapéar from
the asymptote regiorand praluced good relationships for the specific range of concentrations
used during calibration as shown iRigure 4.10. The time-averaged intensities for a
representativecelllocated at>  p® | downstream of the first measurement profile location
and in the centre of the widthco 1@ @ ), forthe range of water depthare plotted inFigure
4.10 againsttheir correspondingconcentrationvalues along with the fitted functionsin
addition, the fitted expressions and the Pearson correlation betwehe fitting and the
experimental data are shown in the figufehe errorbars show the temporatandard deviation
of the recorded green intensitipr the total recorded rangep 16).
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Figure4.10. Example of concentration calibratidar p t | p 1t | cellat@ p&i andU
T™d .

Figure 4.10shows relationships between the green intensity and recorded dye
concentrations avoithg the constant green intensity asymptote for very high dye
concentrationsThe variation of the pixel values are produdsdtheresidualmovement of the
water and the dye within jtproducing some concentration variations for a fixed oedlr time
This example highlights the importance of lemvenough time after the mixing of the dye so
that the water is completelyuiet and weltmixed before the calibration videos areaptured
reducing the variability of pixel valuds. addition,Figure 4.1G6shows a strong gradient of the
green intensity values for high concentration levels and deeper water déatitshence lower
measurement sensitivity) These gradients could induce errors that could later affect the
recorded concentration maps. To avoid that, maximum concentration values recaovideic
the experimental campaign were kept belawp 1T L/L It should benoted that after initial

testing and refinement of the technique, the calibration was repeated and updateS@eton
5.5.1).

4.5. Experiments
Severakets oftests were performed to achieve thabjectives proposed irBection 3.
4.5.1. NoVegetation Tests

A first set of experiments with no vegetatiorasperformed using laboratory set up
explained inSection4.2. The aim of this set of experiments was firstly to validate method
developed for this studySection4.1to Section 4.4, and therto obtain a first set of results that
were used and compared later with results obtained in more complex vegetated experiments.
Experiments were undertaken usinglifferent uniform flow conditionsTable4.3).
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Table4.3. Water depth test conditions

&8 Qi w]jQ Y

Oo @ 18t 0 C@w | TBITP (
WITMWUL] (@ W |TBLTTP (¢
Oxgmrx( p@T |TWBTP (
ComMmiw] p&® @ | TP (

These water depths were selected in order to achievange ofshallow flow conditions
(@ ] Q p g It usually foundn low gradient, meandering alluvial channels with floodplain
regions Rosgen, 1994 For all the tests described in this thesis uniform flow conditions were
achieved by controlling both the tailgate weir downstream and the valve for flowesgtained
in Section 4.2.1until a constant water depth was achieved for the full channel lengkie water
depth was measured by Vernier gauges located at a distance®ofi upstream and
downstream of the recorded area and with an accuracywpf | . Before each t&, the
pointers were calibrated to zero by touching the channel bed and then they were fixed at the
desired water depthThen, the system was turned on and the valve and the tailgate weir were
controlled untilthe flow was adjusted so that the point gaugmade contact with the flow
surface for approximately 10 of the time

From this set of experimentgn injection located at the centre of the channel was
released for each tested water depth/flow rate to ensure no effects on the plume from the
channel valls. Then,time-averaged transversal profile of longitudinal flow velocity and
transverse mixing were quantifie@he dscription of analysis process and results are shown in
Section5 and Section 6.1

4.5.2. SingleVegetated Bank Tests

Experiments wer@erformed to study the influence of a partially vegetated channel on
the hydrodynamic and mixing process&bese tests were configured in a similar way to those
designed byWhite and Nepf (2008and West (2016) This set of experiments allowed the
recordng of data along the full recorded area to obtain a general understanding of processes
and the resultghat could be compared with those obtained in previous experiments.

Vegetation was simulated using plastic artificial emergent arrays similar to these us
in previous experimentslames et al, 2004; Tanino and Nepf, 20D&ith a stem diamete
8t b disposed in a staggered distribution, similar to those found in previsosk
(Hirschowitz and James, 2008Vhite and Nepf (2008¢onducted similar experiments to study
longitudinal flow velocity profiles along partially vegetated channels, using a vegetation density
ofn T8t En&r T and TP, where! is the solid volume fraction introduced 8ection2.2. West
(2016) also studiedan emergent partially vegetated layer in ponds, using a density of
T8t mandT@t ¢ Huang et al (2008and Sun et al. (2010pbserved different densities for
different real vegetation species. Based on these prevsiudies three different vegetation
densties were considered for these experiment

-53-
Santiago Rojas Arques
Department of Civil and Structural Engineering



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

Table4.4. Vegetation density test conditions

)&8 | n

W Q¢ M8t mp
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®»Q( 18t ¢ U

Vegetation densities shawin Table 4.4 were chosen to be similar to those used in
previous works byVhite and Nepf (2008and West (2016) so results could be compared. In
addition, these densities were in the range of those observeHilnyg et al. (2008and Sun et
al. (2010)in real vegetatd rivers. In addition, Figure 4.11shows a scheme of the stem
distribution for each vegetation density.

YStem

o)
5 o} o) o)
Flow
direction o o
o} o o)
o) o) o)

Figure 4.11Scheme oftem configuration.

Wherew andw are the distances between stem centres in the streamwise and
spanwise direction respectively. The corresponding values for each vegetation density are
) ™ d, ™ mulirandm@t v ¢ vand ® ™ d 1@t ¢ andm@td for n
T8t 1T p 1@t T gnd 781 ¢ respectively.

A constant vegetated bank widtly( ) wasinstalledalong the flume for each density.
This vegetated width was designed in order to ensure the creatianfolly developed shear
layer for all different water depth and density conditions.

In order to achieve this, data from previous experiments performetbyte and Nepf
(2008)andWest (2016)were considered. The minimum vegetated bank width should allow the
full development ofthe inner layer.White and Nepf (2007jproposed that this length depends
on the stem drag propertieg ( 0 & ) and White and Nepf (2008 obtained a
maximum inner length ofr@t @ k corresponding t&¢ 181 ¢ Q m8t @ I and™Y
m X ¢iy) O They used artificial cylinders to simulate vegetation with a stem dian@ter
T8t 11 @ vand a vegetated ban@f width ¢ @ | . LaterWest (2016)alsousedartificial
vegetation with a stem diameter @ 18t 1t ft , obtaining a maximurmner length
™ ¢ forn TWUMIQ T W and’Y ijo
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In the same waythe maximum vegetated bank width should allow full development of
the outer layer, allowing a region with a constant free open flow velocity with no wall effects.
White and Nepf (2008pbtained a maximum outer length ™ d andWest (2016)
of ™d .

Based on these results, a vegetated bank width m@ ¢ wasdesigned This
width representedP g Of the total channel width This width was designed to allow full
development of botlthe inner and outer layer, and euld leave enough space in the free open
region to achieve a constant longitudirfabe open flow with no wall effectdn addition,p Tt
different injectionpositionswere used toeach water depth and vegetation densighownin
Figure 4.2 as red dotsThe frst injection was located & 1@ ¢ from the right wall and at
T8t ¢ from the limit of the vegetated bank. Then the injector was moved 0.04 m each time to
record the depthaveraged concentration distributiofor different injections along the shear
layer, and therefore, to obtain a better understanding of the mixing preessvithin this layer.
The scheme of test configuratioris shown inFigure 4.12 and the results from these test
conditionsare presentedn Section 6.2,

042 m
0.06m _
® ® ®© © ® ¢ & & o 0

INj84  Inj72  INj60  INj48 « s o s & &

Flow direction

0.005 m

0.80 m 1. 042m _ NOT TO SCALE

Figure 4.12Scheme of one side vegetation configuration
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4.5.3. TwoVegetated Banks Tests

A set of experiments asdesigned with vegetation at both sides of the channel width.
The purpose of these tests was to stuitiyy behaviour and interaction of two velocity shear
layers produced by vegetated bankghe width of free fiw region (¢ ) was considered
based on results from previous experiments showSéttion6.2. The initial free width region
was first designed to allow the full development of both shear layers generated by each
vegetated bankwith no overlap Then, in subsequent experiments the free flow region was
narrowed gradually to force an interaction between both shear layEne width of vegetated
patches was fixed for all experimentsdas m® @ . This width of each patch was half of
those usedn previous experiments such that thetal amount of vegetation remained constant
compared with previous experiment$herefore, the same amount of stems were used to cover
both vegetated bankt keep aconstant relationshifpetweenwater depthandflow resistance
and thus remain a quasbnstant flow ratdor tests at each fla depth irrespective of vegetation
arrangement (i.e. single or double bank)

Rhodamine WT was injected in the centre of the channel for all different water depth
shown inTable4.4 (represented irFigure 4.8 as a red dot)yegetation densities andalues of
®w . Whenw became narrowr, the injecteddye entered further into thevegetated
patches This phenomenon affesto therecorded concentration videos as stems created visual
barriers and concentration could not be recorded properly within the vegetated region. This
effect also became mor@rominent for higher densitiesTherefore, 2 dzNJ G 6 Ay R2 54 ¢
designed to solve thiproblem. These windows were transversal gaps in the vegetated patch
that allowed cameras to record the full transverse profile of dye injections. These gaps were
located just below each camera to optimise the quality of recorded concentration profilis, wi
a longitudinal distance between gaps@# | as shownFigure4.13 Results from these test
conditionsare presentedn Section 6.3

Inj Position
: I WFree/ZT

Free flow region
Free flow region

L]
Recorded gap

021m | Wree _|_ 021m _| NOT TO SCALE

Figure 4.13 Scheme of both sides vegetation configuratidiack rectangles represent came
positions.

-56-
Santiago Rojas Arques
Department of Civil and Structural Engineering

g S



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

In orderto achieve w values (and given eonstantw ), a free flow region was
created at bothchannel edgebetween vegetated patches and channel walsshown irFigure
4.13 In order to isolate the central studied region of the channel and wicheny interactions
with free flow regions created at each sid@jn plastic walls were installed justutside the
vegetated patches. These wakctionsK I R 'y &[ ¢ aKI L& taogavaidKk | KSA:
overflow, and a length ofi® d , so several of tase wall sections were installed to cover the
entire length of the channellhe base was perforated with holes followthg same pattern as
stem arrays and attached with four stems along their lengths as shotigime 414.

Figure 4.14Scheme oWvalls used to isolate central region.
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5. Data Analysis and Validation of Methodology

In this section, the processes takendnalyse the experimental data obtained by the
methodology explaineih Section4 are described. In the first part of this section the processes
used with PIV velocity data are explained and in the secondadaief description of those used
to analyse PCA data are discusskdaddition, measurements of longitudinal flow velocity,
concentration profiles and transverse mixing behaviour were obtained using different methods
to validate the new methodology explained Bection 4 Finally, some improvements are
discussedind further details of the techniques applied to analyse PCA dataxplained

5.1 Velocity Data Analysis

For each video recordedsingthe LargeScale PIV techniguéndividual frames were
dewarped to correct lens distortions and rotation produced by each camera using the spatial
calibration described iSection4.3.1. Then, videos were converted into black and white using
Matlab functionrgb2gray, and a mean frame for each camera was obtained by averaging over
thep @ SO2y Ra NB O2 NR SR>3 NRodiyl Riéy AFNE atiSimé@ahis Mdmé K S
was subtracted for each individual frame to delate the pattern of the metal grid used in the

channel to fix cylinders, which otherwise could produce erroneous data during the PIV analysis.

After this process, the main background of tbkannel was black and tracers were white,
enhancing the particle identification. Finally, a single wide frame was generated for each
instantaneous time by combining the frames for each camera considering synchronization
explained inSection4.3.2and Secton 4.3.3 An example of this process is showrFigure5.1,

where inFigure5.1 (a)an instantaneous black and white image from PIV videos is shatvia
physical size qi§ ¢ p& 1t and a pixel resolution g pi . Then, inFigure5.1 (b), the
time-averaged frame ovep TOis shown and iffigure5.1 (c)the resulting image from removing

the background imagd~{gure5.1 (b) from the instantaneous framd-i{gure5.1 (a)), obtaining

a particle density ofiroundw® A O O)RAA T A O

a) b)

Figure 51. Example of background removal for PIV. @) Instantaneous black and white frame; b)
black and white background ovpr tseconds and c) same instantaneous frame without backgrou

5.1.1. Length 6Videos

For each test configuration, enough frames snbe analysed to ensurall cameras
recorded enough tracers travelling along the recorded aseal thus théime-averaged primary
velocities obtained are representative of the flow conditiorigherefore, for each test
configuration, a PIV video with anigth of w TOwas recorded and a longitudinal velocity map
was obtained for each couple of instantaneous frames. Then, the accumulative longitudinal
mean velocity over time was calculated for different spatial points:
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n 7

O W% T Q ﬁ)@

Where™ was the longitudinal flow velocity for a specific spatial position and time and
"(was the number of time samples uséahr this temporal analysis, experimental configurations
with the deepest water depth'@ 1@t w i) and the densest vegetation density ( T8t ¢)u
were considered for each test configuration. These experimeste selected because highest
eddies should be produced in these conditiongh{te and Nepf, 200y due to the Ighest
velocity gradient and hence, more time would be recorded to achieve a realawemged
longitudinal velocity

Results for acumulative timeaveraged velocities fadifferent test configurations are
plotted in Figure 5.2. Valuesare normalised by the timeaveraged longitudinal velocity
considering the full video length. For no vegetation tests, the spatial point consideFegure
5.2was located ato p®& 1 andw T d for'Q 18t win experiment.The wint for one
vegetated bankest was located ato p® 1 andw 1 1t for'Q Mrwim » 1&g L
experiment andhe point for bothvegetated bankexperiments was located a p® | and
W T for'Q Mrwin " ™Wcuvw & | . These transverse locations were
chosen becausthis iswhere large eddy structures were expected to be created (e.g. for one
and two vegetated bank flows) and therefovehere more variation of the instantaneous
primary velocity was expected.

—=One Side Veg Tests
——Both Sides Tests

Ne

X

Acc U_/Mean U

0.5 y ;
0 10 20 30 40 50 60 70 80 90

Time [s]
Figure5.2. Accumulative timaveraged longitudinal velocitiesormalisedby total time-averaged
longitudinal velocity for different test configurations and spatial points.

Figure 5.2 shows how when the recorded time used to obtain the timesragel
longitudinalvelocity increases, the mean value obtairesthverges to a constant tirreveraged
value, which is representative of the real tirmgeraged velocity of the flowlhe figure shows
an increase of time required to achieve a guesnstant accumulative mean \ality for one
vegetated and two vegetated banks flow respectively, suggesting an increase of the large eddy
structures generated for each flow condition. Based on this, for each test configuration, time
length was selected for analysis of the PIV videessaownTable5.1.
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Table 5.1. Video lengths analysed for each test configuration.

4A601 ZECOO4/6 EAAAT CORAI |
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"1 QE BRAC A OADG @ 10

PIV videos were supplied to the commercial PIV software Dynamic Studio, by
DantecDynamicétd. In this program, all selected frames for a single test were loaded and
dimensions of pixel frames and video frequency were introduced. The steps taken to process
image files and obtain final velocity maps are described below.

5.1.2. Adaptive Correlation

Once instantaneous frames were loaded to the program, a firstwteptaken to obtain
instantaneous velocity vectors based on theritification of the PIV tracquositions and their
spatial movement between consecutive frames. A final interrogation areal was selected
from different available options. In addition, a fact@ was introduced to define the
first interrogation area 0 "O 0O . The program divided each frame using
this grid size, identifying particles movement between each consecutive pair of frames and
obtaining a single velocity vector for each grid cell. After this first iteration, velocity ector
obtained for each cell were used as the starting point to calculate velocity vector in the next

iteration with a new interrogation area with dimensions:0 "O p
0 O p . This process was performed until final integation area defined was
reached.

Different final interrogation areas with the sari@ owere studied and time

averaged longitudinal flow velocity for three fixed point were calculatedshownFigure5.3.
These points were located in tikentreon the channel lengtiu§  ¢& | ) and at three different
positions along the channel widi{® ¢ "Gt was located aty T d ,0 §¢ Badw @I
and0 ¢ Qfa w T8t U ). In addition, same interrogation area size ¢ () was studied

considering two different factors@ o andv ) for the same fixed points.
gO'S ®x=2m&y=061m
= Ox=2m&y=0.30m
50.45 ®ex=2m&y=0.05m
°
= [ ] ‘ °
5 -4 s
£ 04 s @ H
= °
c
£0.35
el
(]
g ° )
¢ 03
[
[0}
E
F0.25 :
8x8 16x8 16x16 32x32 64x64

Interrogation Area [pixel x pixel]

Figure5.3. Timeaveraged longitudinal velocity for fixed points located in the middle of the char
length (x = 2 m) and at different transversal positions. Crosses represent same Interrogation Ar
with a Factor = 5. Data were obtained for tbst 0.090 nwithout vegetation.

Figure5.3 shows forbothh ¢ Gt @ tT@® d andd ¢ ‘G & T 1 that there
was not a significant change in longitudinal flow velocity as the interrogation area size was
varied, but nevertheless an increase of longitudinal ejoclose to the walfo T8t U ) was
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produced when the interrogation area was increased. This increase was produced because of a
loss of precision in regions where a rapid velocity variation was expected. The same results were
found for the same interragtion area size but with differeri© values, represented in
Figureb.3 as crossesin order to not to lose information in areas with high velocity gradients,

an interrogation area gb @ Ywas introduced for all tests. The dimension, corresponding to

the channel length, was longéo ensure that particles do not move out of the interrogation
window between the two framedn addition, the default factoiO owas selected as

not significant differences wer@find when'O was changed.

In addition, the minimum size of the interrogation area is defined by the particle density
inside the interrogation areaParticle density should be sufficient such that enough particles
are preent in each interogation areafor two consecutive frames to ensure a good particle
detection. A minimum specified density of 6 particles for each interrogation area was considered
in previous workgWeitbrecht et al., 2002 However, a homogeneous particle density was
found to be difficult to control for tests with high velocity flow gradierifsus, further analysis
explained belowwas applied to ensure the velocity vectors recorded over the analysed area
were representative of the flow.

5.1.3. Range Validation

Afterthe Adaptive Correlation procesa single velocity vector map with a dimension of
¢ X T UL L pxels and a pixel resolution afd v Y8t d | was generated for each pair of
frames. Then, a Range Validation process was performed to validate the generated aadtors
remove spurious high velocities and zero velocities obtaining from interrogation areas with no
PIV tracers recorded. Each single vector was validated against a defined expected range of
velocity values, deleting all vectors outside this range.

As differert test configurations were ran, the variation of Range Validation was studied
for no vegetated flows and for one vegetated bank flows by testiffgrdnt validation ranges
in order to find the appropriate values. The four parameters introduced in theddgatidation
were maximum and minimum longitudinal and transversal velocity componé¥its (7Y
and Y ). For all different options studied, same positive and negative values were
considered for transversal velocity components.

Three different scenarios were studied in which two of the primary velocity components
were fixed and the other was changed. For all iterations, {#meraged and standard deviation
of longitudinal velocity were obtained and data from same spatial points Rigjure5.3 were
plotted in Figure5.4 (left axis).In addition, for all iterations, the percentage of vectors rejected
was obtained as showhigure5.4 (right axig to ensurethat fewer thanuv b of vectors were
rejected(Adrian, 1991 Martins et al. 2018.

Figure5.4 (a) shows the variation of primary velocity whév  changes. The results
show how for smallefy  values the primary velocity is smaller amchen™ increases,
the longitudinal velocity flow obtained for each positiortreases. Thisehaviouris explained
as forlower values of Y  values, range validation deletdoth spurious and valid velocity
vectors, obtaining smaller timaveraged velocity valuesn addition, oncéY isincreased
small variationsn time-averaged longitudinal velocity are observyezshowing a quasionstant
velocity value for highety . This quastonstant behaviour for higher values suggests that
most of high velocity vector values are included in the range, and therétiergalue of Y
defined for the range validatiois broad enough to include most of valid velocity vectors.

Figure5.4 (b)shows timeaveraged primary velocity values for same spatial positions
for different™ . The results show that values remain quasnstant for lowerY  values.
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However, ifY s too high, velocity results start to increaséth a strongewariation for the

point closest tothe wall(@ 18t d ). This trend agrees with theehaviourdescribed previously

for Y and suggests that foralues ofhigh"Y , some valid velocity vectowre deleted,

increasing the overall timavergged velocitylFigure5.4 (c)shows timeaveraged longitudinal

velocity obtained for diffeent Y . The results show a quasbnstant trend for all different
Y  values, suggesting that there is not a strong transverse velocity component.
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Figure5.4. Left axis)Time-averaged primary velocity results using different rangbdation values for
three different spatial positions for tedt = 0.090 mwithout vegetation.Right axisPercentage of
vectors rejected for different velocity component combinatidos same flow conditions.

-62-
Santiago Rojas Arques
Department of Civil and Structural Engineering



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

Figure 5.4 (right axis)shows the percentage of vectors rejected for same range
validation component combinations as Kigure 5.4 (left axis).Each graph represents the
variation of one of the components whilst fixing the other two. The resultdqulon Figure5.4
show the hghest variability in timeveraged primary velocity was obtained by changing the
"Y , suggesting that this componeist the most sensive in order to obtain suitable results.

In addition,percentages of rejected vectoirsY and Y  components only weraigher
than v b when they started to reach valuesd @ vl j Ofor the case ofY  and close to
e | j Oforthe Y  component respectively

The range values were also studied for longitudinal velocity for one side vegetated bank
flows. For this case, differedy ~ were usedandy and "Y  values were fixed. Then,
longitudinal velocity values within the vegetated bamkesre compared to study how variation
of Y could affect velocity results. As in the range comparison for no vegetated flows, three
different spatial point were selected for each vegetation density and water depth. These three
points were located athe same streamwise position as those considered previously (
¢& [ ) and at three different spanwise positio(is ¢ "G was located ato T& [ ,0 € Q¢ 0O
at ™M@ d and 0 & QG &t @ T® d ). Therefore,0 ¢ "G was located wiin the
vegetated bankp ¢ "(i wias located in vegetated limit and ¢ "G wias located within the
shear layer. For each pointY  was changed frommti j Oto & vl j Oin increments
of 8t ul j O Timeaverage longitudinal velocity results f@ T8t w it for each vegetation
density were plotted irFigureb.5.
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Figure 5.5 Timeaveraged primary velocity results using different range validation values
three different spatial positions for te§ T8t w it with one vegetated bank

In Figure 5.5, the Y values within the vegetated patchi( 1& | ) show an
increased for test¢ T@tmmpand” 18t T Yshown inFigure5.5 (a) and Figure5.5 (b)
respectively;when the limit values increase until theyreacha limit value from whiciY
values starto decreaseSimilar behaviour was observed for the point located at the vegetated
boundary (® 1@ d ) for the same vegetation densitieBhisbehaviouris produced because
of the elimination of small velocities within the vegetatiaa the validation limit is raised’he
decrease observed for the highef  valuesis produced as most of valid velocity vectars
out of the defined range, and therefore theye neglected.

Results fromn 1@t ¢ u(Figure 5.5 (c)) only shows same behaviour for the

ODE B d mMd ,butdD é¢ '8 ® m&I only presents alecrease ofvelocity values

when™Y increases. This behavioisrpioduced as very low velocitiesearecorded within the

vegetation for this density, and therefore even small increaseé¥ of produce that most of

recorded velocity vectorare out of the valid range. In addition, ti¥  values for the point
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located within the shear layefy 1@ d ) do not decrease for the higher values for any
vegetation density, as some higher velocity vectwesstill included in the rang&esultgplotted

in Figure5.5 show a strong dependence on thé  limit of the time-averaged velocity rests.

In addition, they suggeshata™  valueof ti ¥Gin the range validation was required to not
to lose valid velocity information within the vegetated patch.

Based on previous discussed results, a differéht was defined for each water
depth. This value was chosen as the lower in the goasstant region discussed Figure5.4
(a), which percentage of rejected values was smaller thién as shown irFigure5.5 (a) In
addition, sameéY  was defined fo those test configurations with the same water depth but
with different vegetation configurations (nevegetated flow, one vegetated bank flow and two
vegetated banks flow), as similar tirageraged free longitudinal flow velocity were expected
to obtain.The setting for differenty  for each water depth shown ifiable 5.2was based on
the differentmaximumlongitudinal flow velocities expected for each flow condition. Hence, the
selected”Y should be large enough to allow a#lal instantaneous velocities recorded by
cameras, but nosolargethat anyerroneoushigh velocitwalueswill be included

The saméY  wasset asrti ¥Ofor all test configurations. This value was choseras
to not eliminate information within the low velocity areas, such as the vegetated banks or close
the channel wall as showfigure5.5.

Finally, the transversal velocity component was defined¥as @ d FOfor all
test configurations. The vatian of this value did not affect to the timaveraged longitudinal
velocity as showirigure5.4 (c)and allowed the correct identificatiorof all valid vectors within
the shear layer for the vegetated flows. Parametanes shown inTable5.2.

Tableb.2. Range validation parameters used during velocity analysis for all different vegetate:
non-vegetated tests.

$ADOE|TY Y 7] Yy 1710
8t o @ ™ 1 1 @ U
T8IU T ™ W 1 T® U
T8 X G T ¢ T LLORY
T8I W TT T W 11 T® U

5.1.4. Moving Average Validation

Finally, velocity vector maps produced were validated using the Moving Average
Validation. This step was taken to detect any vector that its value was into the previous defined
range but it was deviated from their neighbourhood values. These vectors aaride velocity
vectors recorded along the free flow region or rapid velocity vectors recorded along the
vegetated bank. These vectors are produced during the Adaptive Correlation and they are not
discardedduring the Range Validation, but do not represéme real behaviour of the flow.

Each velocity vector was compared with values in the neighbourhood of a defined size
area of0 0. If vector was deviated more than the Acceptance Facior ( ), it was
substituted by a new value generated by a local interpolatian of iterations. Program allos
to choose between three different size areéis ( U ofv orX). These three different options
were studied considering the default values otégtance FactoiO TP and ¢ o
as showrFigure5.6. Different sizeareas were considered and tireveraged longitudinal flow
velocity was obtained for three fixed cells located at different transversal positibés (it ab
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Figure5.6. Timeaveraged longitudinal velocity for fixed points located in the middle of the chat
length @ c& 1 )fortestE 18t wit without vegetation for diferent Moving Average size arez

Time averaged longitudinal velocity [m/s]

Figure5.6 shows longitudinal velocity results from same points representeéigare
5.3 and Figure 5.4. In the graph, different window sigewere selected using the rest of
parametersas the default values. Results suggestiedt changes in size did not affect final
results. Thus, a size area of 0 ¢ was selected, and rest of values were defined as

O TP and & o8
5.1.5. TemporalAnalysis

Instantaneous velocity vector maps generated aftezse stepqSectiors 5.1.2 5.1.3
and5.1.4) were exported to Matlabproducing a matrix of longitudinal velocity data and another
matrix of transversal velocity data. Then, a time series analysis wdedp obtain the
temporal mean velocity field and temporal standard deviatiatuesfor longitudinal velocityo
identify and remove any extreme outlying velocity value

For any sngle spatial position, the distribution of velocity data over tiroen fe
representedas a histogram as showrigure5.7. Figure5.7 (a) shows the histogram related to
a spatial point located at a streamwise position p& U and in the centre of the spanwise
(0 T d ) for the water deptiQ T8t w frt with no vegetation. In additiorFigure5.7 (c)
and Figure5.7 (e) show the histograms for twalifferent spatial points located at the same
streamwise position for the water dept® T8t w it with the densest vegetated bank (
T8t ¢ )uFigure5.7 (c) is locded within the vegetated banka{ & | ) andFigure5.7 (e) is
located within the shear layec 1@ [ ). In additionFigure5.7 (b), Figure5.7 (d) andFigure
5.7 (f) show the longitudinal velocity signal over time for each spatial point respectively.

The histogram plotted ifrigure 57 (a) shows that the resulting distribution for those
points located in the free open flow region was unimodal and roughly symmetrical. This
distribution presents most of the velocity valudg 1) within a narrow velocity range
(& w @ d ¥Q. Some low velocity values were recorded, represented-igure 57 (b) as
spurious velocity values in blue. These velocities may be produced as not enough PIV tracers
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were recorded for this specific time and position, and thvegre not properly removed by
previous analysis stegSections 5.1.2nd5.1.4). However, these values represent a very low
portion( v b ) of all instantaneous values recorded, suggesting the suitability of the technique
and the analysis applied.

Moreover, the histogram distribution of longitudinal velocity within the vegetation in
Figure 57 (c) presented half of a unimodal distribution, with its maximum close to zero. This
behaviour is produced as within the vegetation very low velocity values wbsewved
Moreover, the plot shows the velocity for the densest scenario, so very low velocity values are
expected to be recorded. Similar to previous c&sgure 57 (d) shows in blue that the discarded
values represent high spurious velocities recorded imeoinstantaneous frames. These
instantaneous velocities could be recorded as a results of a very low concentration of PIV tracers.
In addition, these values could also been produced for an accumulation of PIV tracers within the
stems, producing some velégierrors. However, bothrigure 57 (c) and Figure 57 (d) show
that these spurious values represent a very low por{jorv b ) of the full time series data.

Finally, for tle point located within the shear layer a bimodal distribution is shown in
Figure 57 (e). This bimodal distribution agrees with the histogram obtained from the ADV mid
depth longitudinal velocity signal recorded Bupuis et al. (2017)where the shear layer
generated within a compound channel with vegetation along the floodplain was studied and the
longitudinal velocity signal at the edge of the floodplain was recordlld.histogram irFigure
5.7 (e) shows a wide range of velocity uak. This is also plotted Figure 57 (f) and suggest
an increase of the turbulence within the shear layer compared with that recorded in the free
flow region. Similar to previous cases, some very low or very high spurious velocity values seem
to be remrded, representing a very low portion of the full time series data and suggesting the
suitability of the technique and the analysis applied.

For each pixel, mean velocity value and standard deviation in time were obtained and
values outside the regiolY; ozi 6 ®; were discarded. Tdallowed region represents
w & P of the total values inside a normal distribution.
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Figureb.7. (Left)Histogram of velocity values along time for a single pixel. Dots représent oz
O 0%\ region an (right) time seriesdata for the same pixel.

The mean velocity value is representedrigureb.7 (b), Figure5.7 (d) and Figureb.7 (f)
as the black line, and boundaries of the defined regiop  0zi 6 ®j arerepresented in
all figures as black dots. In addition, blue longitudinal velocity signals plotteigjime5.7 (b),
Figure5.7 (d) andFigure5.7 (f) show the velocity signal for each spatial point before time series
analysis was applied; and red signals show those values of the signals which are inside the
defined region. Afigure5.7 shows, this temporal analysis properly discards all extreme values
over time for each spatial poinOnce values outside the acceptabkgion were discarded, a
time-averaged velocity value for each pixel was obtained

5.1.6. Overlapping Regions

Timeaveraged results presented a decrease of velocity values around thendrere
frames were overlapped. This decrease was produced during frame analysis due to missing and
appearance of PIV particles between consecutive interrogation areas in the region between two
cameras. The Matlab codwlnanfilter.m(Vargas, 201pwas usedo smooth these junctions.

Figure5.8 (a) and Figure5.8 (b) show the timeaveragel longitudinal velocity values
along a streamwise profile located in the centre of the spanwise (1@ d ) for each water
depth of nevegetated flow experiments before and after the caagnanfilter.mwas applied
respectively. In additionFigure5.8 (c) and Figure5.8 (d) show the timeaveraged longitudinal
velocity map for water deptf2 18t v ft before and &er the code was applied respectively.
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Figure 5.&) Timeaveraged longitudinal velocity in tleentreof the channel along the channel lengtt
b) shows the same velocity after ndnanfilter.m filter

Figure5.8 (a) shows threeregionswith a width of approximately® | (¢ 1value9 with
an attenuation of velocity values for different testa agreenent with the overlapping regions
between two consecutive camerasThese areas were converted into NaN values and
ndnanfilter.mwas appliedvith the optionw 0 6 0 ¢ and awindow size @f T ¢ , With
€ 1. This option configured the program to work as a Natdrpolant/GAFfilling, so
NaN values were substituted by new ones generated runningesghted mean using
information fromé& considered giving more weight to those values closer to the
substitutedNaN values

5.1.7. Twaedimensional Median Filter

Finally, a B-order two-dimensional médian filter was applied to timaveraged velocity
maps to delete ay spikes produced during the process explained previo&slythis filter, an
area was considered using the neighbourhood given around each singleopixel E @ Arid O
producing an ouput pixel with the median value of the selected dfégure5.9 (a) shows the
time-average longitudinal velocity map for water depfh 18t v it and novegetated flow
condition before the filter was applied; afdgure5.9 (b) shows the same map after the median
filter was applied. In additiorkigure5.9 (c) shows the resliing averaged transverse profile for
both velocity mapsin addition, inFigure 5.9 (cmaximum and minimum longitudinal values
over the streamwise direction were plottddr each transverse position
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a) Longitudinal flow map Median filter b) Longitudinal flow map after Median filter
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Figure5.9. Longitudinal flow maps and mean transversal flow with maximum and minimum (c
velocity with and without filters foE T8t v It .

Both time-averaged longitudinal velocity mapEigure 5.9 (apnd (b)) show a sharp
decrease of velocity close the chamhmealls. In addition, some areas with a lower longitudinal
velocity than that recorded in the rest of the main channel were recorded on the lower right
zone.This decrease of velocity may be produced as not enough PIV tracers were recorded at
certain instantaneous frames, generating lower instantaneous velocity values that later would
affect the timeaveraged ones. However, these lower areas do not affect the averaged
transverse profiles plotted iRigure 5.9 (c)

Moreover, ransverse profiles shown Figure5.9 (c)indicate howmedian filterapplied
to the velocity did not change the mean value but decreased the variation of data along the
channel length smoothingome spuriousvalues.In addition, Figure 59 (c) shows that the
highestspuriousvalues before the filter was applied were obtained at th@nnelboundaries.
These spurious velocities were presdéinére as this is the region where it is more difficult to
record asufficientamount of PIV tracerdn addition, due the presence of thbannel walls,
there could be some accumulations of PIV tracers that would affecteberdedvelocties.
These spurious instantaneous velocities, although do not represenvedatities may have
values within the Range Validation definedSaction 5.13. However, agigure 5.9c) shows,
the amount of these falseelocities that have been considered as valauesis negligibleand
they haveno effect onthe mean longitudinal velocity profile.

Three different points { ¢ "Bbé "Gk and0 ¢ "(F) were selected along the tirme
averaged mean longitudinal velocity profiles for tests with no vegetation to show differences.
As in previous comparisons, these points were located at T&p d , &0 T andw
@t U . For each spatial gsition, timeaveraged mean longitudinal velocity values and their
corresponding coefficient of variatiod &8 were obtained from transversal profiles before and
after median filter was applied. Thego8was calculated to quantify the variability e&locity
data around the mean value along the streamwise direction. Results are shdwblgb.3.
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Table 5.3. Timeaveraged mean longitudinal velocity results with and without filter and th
coefficient of variatiorfor non-vegetatedtests.
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Results infable5.3 show mean longitudinal velocity was not affectedrbgdianfilter
applied to timeaveraged longitudinal velocity maps. OBl "G ppesented some increases,
with relative differences around b . These differences suggested that main erroneous data
could be produced closto the wall. In addition, oefficient of variation results showow
variations for most of transversal points, suggegta quasiconstant longitudinal velocity
obtained along the channel length. In additidhe variation decreasewhen medianfilter was
applied, suggesting a decreased of highest and lowest erroneous velocity data. Highest
variations were observed for point closer to wall, where it seenost of erroneous velocity
data were produced.

5.2. PIV Validation

Timeaveraged longitudinal flow velocity was obtained for tests with no vegetation
described inSection 4.5.1for each water depth. Cameras recorded instantaneous PIV tracers
and frames were anadgd as described iBection5.1.

Another two methods were sed to validate the PIV velocity results. Firstly, longitudinal
flow velocity for each water depth was measured manually by recording the travel time of small
patches of floating tracers overi of the channel length. Measurements were made at three
spanwise positions situated gi v frti , ¢ v iti and @ p i from the channel wall. Each
measurement was repeated three times by two different researchers to quantify errors in
results, as shown imable5.4.
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Table5.4. Manual longitudinal velocitgneasurements.

N ol [0 ™Mpd |0 Md |0 U
Y 1j0 ™ ¢ p ™ p @ T TU T
Y 1j0 ™ ¢ ™ ¢ @ T 1T
Y 1j0 ™ 0 T ™ ¢ @ ™ p @
Y 1j0 ™ 0 p ™ ¢ T P T
Y 1j0 ™ 0 U ™ p X T P T
Y 1jO ™ C T ™ C o ™ p p
0 miol (0w ™d |0 MU |0 ™d
Y 1jO ™ o ™ ¢ T ] 1o
Y 1j0 ™ T 1 ™ pp T W ¢
Y 1jO T ™ ov ™ N
Y 1jO ™ T p ™® ¢ ¢ ™ no
Y 1j0 ™ T p ™8 p X ™ X 0
Y 1j0 ™ T ™8 p T T Y 10
N mMixk |0 Mpd |0 Md |0 ™U
Y ijo ™ ¢ @ T™® T T ™ YT
Y ijo ™ T U ™ W ™ X ¢
Y 1j0 T® T T ™ Y ™ X @
Y 1j0 ™ T 1T ™ W s UR
Y 1j0 ™ T 1T T™® T TT ™ X @
Y ijo ™ ¢ ¢ ™® W ™ Yy
N Mol |0 ™d |60 MU | o 1 J
Y 1jO ™ @ p ™ ¢ ¢ ™® W
Y 1jO ™ 0 @ ™ ¢ ¢ ™ p O
Y 1jO ™ X P ™ T ™ ¢ ¢
Y 1jO ™ C C ™ T W ™ YT
Y 1jO ™ T L ™ T ™ T
Y 1j0 ™ U @ ™ p O ™ W

For further validation, timeaveraged longitudinal flow velocity was obtained using an
Acoustic Doppler Velocimetry (ADV) probe situated indéetre of the recorded area ab
¢l from the first recorded spanwise profile. Velocity data was recorded at three different
spanwise positions situated ptu i , o wini andg p i from the channetvall. For each
spanwise position, betweeg to p different vertical positions were recorded (depending on
the water level) from close to the channel bed to near thater surface For each location,
instantaneous flow velocity was measured in the threaimdirections @ wandg) during a
recorded time ofp Owith a sampling rate op ¢ ¢t USignals collected from longitudinal flow
velocity were filtered using despiking ADV procesBdtev et al. 2010Islam and Zhu, 2013
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Table5.5. Location of recorded ADV points from channel bed.
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For each ADV test position, the accumulative longitudinal mean velocity was studied to
ensure recorded time was long enough to represent mean real primary velocities. Two examples
regarding to testQ T8t wit & 1@ o and T8t X b are plotted inFigure5.10. It was
foundthat for recorded timedargerthan @ 19 variations in mean primary velocities are smaller
thanTi® b .
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Figure5.10. Accumulative timeaveraged longitudinal velocitiasormalisedby total time-averaged
longitudinal velocity for different water depth positions.

In addition,the power spectral density (PSD) was obtained for each signal and plotted
in Figure 5.1. This plot identifies the dominant frequencgingein the recordedsignals and
thus it helps to identify the minimum frequency required to record properly the instantaneous
velocity deviations produced by the turbulence in the fldvigure5.11 showsthe PSDresults
for the same tests as iRigure5.10 using a log scal®r each axis
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Figure5.11 Discrete Fourier transformation for ADV signals for different water depth position:

Resultsplotted in Fig 5.1 show that the bulk of the dynamic content is below a
frequency ofo 7t (represented as the red lines), showing that the recorded values for higher
frequencies are twdo three ordess of magnitude smaller andonfirming thata frequency of
p @ @t Us more than enough to record all fluctuations produced in test fld¥es. eachsignal
sample recorded at each water depth positidhe time-averaged longitudinal velocity value
was obtained and velocity data over each water depth was fitted usliregexpression
introduced inSection 21.:

Ya p. &
; P L 0
o 1°% e
Where6® "QQY. Each vertical profile of longitudinal velocity data was fitte@dpy

5.2, obtaining a value df andQ for each test. Each vertical profile showed a good fittindwit
logarithmic profile with a mean correlatiod 1@ X and a fixed equivalent roughness height
oft@i . Two examples of recorded ADV longitudinal velocity data and their fittings
plotted in Figure5.12. Tests shown correspond @ 1@ d for 'Q 1@t x Kk and 'Q

T8t w frt water depths.
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Figure5.12 Examples of longitudinal ADV velocity data #meir logarithmic fitting forU & d
and water depth€ 18t x kK andE T8t w .
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From each logarithmic fitting resulthe longitudinal surface velocitwas obtainedlIn
addition, for each measured verticgosition, the longitudinal velocity predicted by the
logarithmic law was calculated and tladsolutedifferences between these values and those
recorded by the ADV were obtained. Finally, the meanrsrmere obtained by averaging the
calculateddifferences over the vertical profile.

Finally, results obtained by both methods (manual tracer and ADV profile) were
compared with timeaveraged longitudinal surface velocity obtained by the PIV technique. PIV
outputs were averaged in time, and the variability in space was plotted as a range from minimum
to maximum inFigure5.13. Surface velocity estimated from ADV data is also plotted. The error
bars show the average variation between ADV data and logaritfinaicross the vertical range.
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Figure5.13 Comparison of timaveraged longitudinal velocity profiles between PIV results, mar
and ADV measuremedt E 18tolphA E 8o M E mixk ATAE 18t wit.

Figure5.13shows thatthe overall velocities obtained by manual and ADV technayee
within the PIV range. Some varianca® observed between each measurement technique
( v® ¥ between PIV and manual technique and & ¢ between PIV and ADV results) that
could be produce by effect of some light reflections not effectively removed fnaw frames,
which could affectPIV analysis. HoweveFjgure5.13 confirms thatresults obtained by PIV
techniqueare suitable to estimate timaveraged surface flow velocity.

In addition the flow rate measured for each flow condition as describegantion 4.2.1.
was compared against the flow rate obtained by integrating the recorded PIV velocities plotted
in Figure 5.8 over the channel width. The different flow rates and the relativiéedences for
each water depth are shown ifable 5.6
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Table5.6. Differences between the measured flow rate and that obtained by integrating the
velocity data

oQmd |0 , 70 |0 ,7O0|YO b
ToOQ PPXT PEWE PV
TBILVT [ CAMULVY CB®PULU]| p WO
TBIXC | oBTlww c® wo W W
mMton|v@pg v@cp| Xx8 0

Where 0 is the flow rate measured for each flow conditiam, is the flow rate
obtained by integrating the PIV velocity over the width avitD is the relativedifference
between both data, obtained as:

V] 0
YO — QS

Table 5.6shows thatdifferent flow rates are obtained by integrating the PIV velocity as
those recorded for each flow condition, with relative differenckstweenx® andp @ P 8
Higherflow rates are estimatesvhenusing the PIV data for each flow deptihich is expected
asPIVtechnique measured surfaceelocity, rather than mid depth or depth avaged velocity.

It should be noted thaprevious workconsidering flow structures in vegetated flohas
obtained experimental longitudinal flow velocity using different techniguesording velocity
data at different vertical positions along the flow depiezu and Onitsuke (2002)ed a argon
ion laser system to measure the velocitygti | above the bedn a flow with a water depth
of x 1t I, whilstWhite and Nepf (2007)ecordedvelocity using daserDoppler velocimety
systemat the middepth in flows with a water depth range of @ p o ki andBesio et al.
(2012)recorded surface velocity using a PIV technidueerefore the differencedbetween the
recordedsurface longitudinal velocitgata and those expected at the mitepth of an open
channel flow without vegetationvere estimated The logarithmic fittingof vertical profiles of
longitudinal velocity obtained previous($ection 5.2 were used to calculaté the expected
longitudinal velocity atthe mid-depth and the differences between this velocity and that
recorded at the surface by the PIV system were calculitedach water depth conditian

Y Y
YO ~ QA8

Where"Y is the longitudinal surface velocity and is the longitudinal
velocity at the middepth. Results are shown ifiable 57.

Table 5.7. Estimated differences between surface and rd&bth longitudinal velocity within
experimental facility for each depth

$ADPOE|TY 'Y i 70|YO b
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Results iMable 57 show a decrease of the difference between the surface and the mid
depth longitudinal velocity for deeper flows. This decrease may be produce as the bed effect
becomes more importantor shallower flow conditionaMoreover, if the calculated midepth
longitudinal velocities are considered to obtain the flow rate for each water depth, the
differences observed ifable 5.6are almost eliminatedwith relative differences oiY'O
TP, VE B, o8 d and ¢8td® for E mdrokp, mdtuit, mx k and 8t win
respectively Thedifferences between surface longitudinal velocity and suégbth longitudnal
velocity within the vegetated regionmay be expected to be insignificant as velocay i
approximately uniform over the deptivhen using stems of a constant diame{gouwen et al.,
1969, w 2 g A 2taal, A998 Nepf and Vivoni, 2000 However these differences between
surface longitudinal velocity and miakpth longitudinal velocityshould be consideredwhen
consideringneasurements in the free flow region

5.3. Concentration Data Analysis

In this section,a brief descriptionof the different steps taken to convert raw light
intensity data from cameras into spatial concentration data is introducecdtition, steps
applied to analyse and validate the measurement technique using the first light configuration
(as described irfgection 4.24) are explainedin the Section belowHowever, a more detailed
descriptionof steps used to analyse raw dataexplained later irbection 56 with the revised
light configurationexplained inSection 5.5and the corresponding concentration results.

For each test explained Bectiond.5, a video for each dye injection was recorded during

p Y @anda time-averaged frame was produced taken centpat© In addition, a video with no
injection was recorded foeach flow condition with a length of T©to obtain the concentration
level with no injections, or background concentratidihen, a mean value takgntt p 1pixels
were obtained creating new images @f ¢ ¢ p Y pixels and a resolution @f Tt p 18 [ . Both
spdial and dye calibration explained 8ection 4.3.1and Section 4.4vere appied, obtaining a
time-averaged concentration map with a resolution@frt p 1 | over a recorded area of
p& ¢ p& 1t for each cameraThen, measured background levels freomcentration frames
were removed for each pixel

Once background concentration levels were removed from the {averaged
concentration map recorded by each camera, a concentration map over the full analysis length
was obtain. Therefore, concentration psof each camera required to be merged as explained
in Section4.3.3. Thus, first and lasp yp E @fArieérhconcentration map recorded by each
camera were neglected, then the last and the fistd E @ &® @ ) for each pair of
consecutive cameras wertaken respectively and a sinusoidal weight functicas applied to
create a transition function between both cameras.

Then, remaining noise from concentration map was eliminated. This noise is mostly
produced by reflections of green light on the waterfage, which produces some erroneous
values when compared with those values recorded in their local neighbourltieydhis first
light configuration, &"-order onedimensional median filtewas applied and a threshold value
of o b was fixed, defined as a percentage of the maximum concentration value recorded for
each concentration profile. For a generic median filter, neighbourhood values around each
aAy3dt S LAESE INB O2yafeRSENBROAZY I iXSESRABPIRFE & F
neighbourhood values at each side in the spanwise direction are considered; and in the case of
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by "engRAYSYaA2ylt YSRALY FTA{GSNES y&AHKBDamRKE &R
single pixels are considered. Once the neighbourhaaldes are defined, an output pixel value

is produce with the median value of the selected area for the single pixel. For the filtering
techniques introduced here, @"-order onedimensional median filteconsiders the values of

@D E @& babh side ofhe filtered pixel in the spanwise direction. In addition, the threshold

filtering technique was applied to delimitate the boundaries of the transverse concentration

profiles from the residual background level. This cut off technique identifies the maximum
O2yOSYy iGN GAZ2Y @ fdzS F2NJ SI OK LANES s BaximyrR RSt S ¢
value. As it was discussedSection 2.4.2Boxall (2000and Dennis (2000argued that when

an optimization process is applied to obtain mixing coefficiemtsurate mixing coefficients can

be obtained even when the cut off applied to delimitate the concentration profiles is up to the

p 10 of the peak concentration value. Thusg& of the maximum concentration value were

applied to the different proposedlfering techniques.

Post filteringto ensure mass conservati@mass balance was applied along all profiles. The
mass over each transversal profile was obtained and the corresponding mean gioféss for
each injectionwas calculated as the mean aif lateral mass profilesThen, a correction factor
between the mass of each profile and the mean mass was obtdimredach concentration
profile. Finallyeach single pixel valder a specific profile was divideay the factor obtained
for this profile obtaining the same mass for each lateral concentration profile

5.4. PCA Validation

The PCA technique was validated by comparing concentration fields recorded by
cameras with concentration levels recorded by CycioiY submersible sensors for a
continuous injection of Rhodamine WT. Due to obstruction effects produced by sensors and
differences betweerthe sensitivity of each instrument, PCA and Cyclops measurencentd
not betaken at the same time. Insteadeparatetests were run with injections with different
dye injection concentrations Then,results were compared using variance and ADE transverse
mixing coefficients obtained from each tesuch that the mixing rates of the solute quantified
using each measuremetechnigue were comparedror each test, the same flow conditions
were established with a constant water depth@f 18t b and with no vegetation.

The Cyclops probe was calibrated using 11 concentrations, including zero concentration;
in a container ob , as shown irFigure5.14to produce a linear function relating concentration
to probe output
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Figure5.14. Cyclops calibration.
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Four concentration profiles were recorded with the Cyclops sensor, situated at
vhphx and@i downstream of the injection point and within the PCA recorded area. For each
recorded profile,¢ tdifferent points along the spanwise direction were recorded, where
points were taken in incremestof ¢ 1t | to record the dye plume and the other
measuements were taken far from the dye plume to establish background levedsn thesa
measurements, the lowest value recorded considering the four concentration profiles was
considered as the background level and it was subtracted from the rest of measute s
explained below.

To ensure reliable recorded data, each point was recoffdedhe same time aghe
video recordings(@ 1Q see Section5.3) and a timeaveraged value was obtained. Then, a
process similar tohat applied to PCA data was uséle background level asremoved from
concentration profiles and values lower tharP of maximum peak concentrations were also
eliminated to remove instrument noise effectfter this filtering processa mass balance factor
was applied to profiles locateat ghx andi downstream of the injection point. Mass balance
factors obtained showed a variation of¢& P over the recorded concentration profiles
indicating a good level of mass conservation.

PCAaw concentration mapwere obtained as explained $ection4.3andSection 4.4
Then, concentration maps were analysed using the processed explaiSedtion 5.3 with the
filtering technique explained irSection 53: background levels were removed from the
concentration map, a'6order onedimensionalmedian filter was applied to eliminate noise
and all values smaller thamp of the peak concentration were removed. Pdifiering, a mass
balance was applied to ensure mass concentration obtaining a variatiok ofndicating good
mass conservatiorizigure 5.15 shows a comparison between nalimensional concentration
profiles obtained using both Cyclops sensors and the PCA technique. Profiles were located at
vhpfix and Wi from the injection point. All values were normsgld by the maximum
concentration value of the first profile.

Error bars for Cyclops data were calculated as the standard deviation of the signal
recorded for each measured poinn addition, diring the calibration processSéction 4.4,
absolute differencebetween concentration predicted by thé®®olynomial order function and
calibrated concentrations were calculated for each concentration value. Then, the average error
value for allp pcalibrated points was calculated for each map position. This estinatean
error was then used to show PCA variation plotBigure5.15.
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Figure 5.15Comparison between PCA and Cyclopsdiarensional concentration profileA(A @ A
vi MABAQI PPMABAXT AT AAAAYI).

Concentration profiles shown iRigure5.15 suggest a overallgood match between
both measurement techniques. A small but consistent variation was observed gettie of
each profile where the PCA concentration data were lower than the Cyclops values. These
differences were likely producdal direct light reflections produced over the water surface and
recorded by the camera§hese reflectionsnay also affecthe left part of the plume @
T | ), where the concentrations recorded by the PCA technique were smaller than those
obtained with the Cyclops.This misgecording poduces thatthe concentration profiles
recorded using the PCA do not spread in a similar manner on the left and right side of the flume
producing a significant difference between the PCA and the Cyclops measurefiaggs.
differences observed between both techniques suggkat some further refinements of light
configurations could be applied to improve the techniglreaddition, the Pearson correlation
between PCA concentration profiles and data recorded by Cyclapsaliculated.

y € Bo O BO Bo Qs
3 Bo Bo € Bo Bo

Where € is the number of values and and 0 are the concentration values
recorded by the PCA technigaed by Cyclops respectively. Only PCA concentration values were
considered for those spanwise positions where Cyclops concentration data were available. The
Pearson correlation results shova good correlation between each pair of concentration
profiles:Y o XY T PY 6o tand’Y T80 O

In addition,the spatial variance othe transverseconcentration profiles w&sobtained
and a linear fitting was applied to calculate the variance slope along the streardingstion
using the expression proposed Bayre and Chang (1968itroduced inSection 2.4.2

Yo,

T on®
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The variance of each transversal concentration profile was calculated tseng
discretised solutions &#q. 2.61 2.62and2.63

0 0w Qg

38
0 0 ww Q Ry

8
0 0 Www Q g
0Q¢oi e-QQD— QR T
Wi Qwe,,wQD— . Qad p

Whered w is the concentration value recorded at each cell located at the transversal
positionw Figure5.16 showsthe variation(increase)n spatial variance of each profiterer the
experimental lengtrobtained using both measurement techniques and linfigéing applied to
each caseusing the expressiotd & @ where & is the variance slope and is the
independent term As results from the two measurement techniguae taken from separate
experiments, results are plotted in terms of variationvariance from a reference point taken
atw vli (position ofthe first cyclops profildrom the injection poin). The variance slope
obtained for each case was p ®and® p @& with a Pearson correlation of
1o Tfor the PCA measurements afd 1o xfor the Cyclops measurements respectively.
These results indicate similar mixing process recorded by each techniggesimilar variance
slopes were obtained(y. 56).
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__Linear fit PCA
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> 20 y=139x-17.24//R=0.97 v 7

(&

C

8 5 i

©

>

-20

4 4.5 5 55 6 6.5 T 5 8 8.5
Longitudinal Distance from Injection [m]

Figure5.16. Comparison between PCA a@gclops variance.

Results plotted inFigure 516 suggestthat the increase of variance for both
measurement techniques follow the same trend. However, a diminution of variaotsésved
for the PCA concentration profiledter x& i . This decay may be produced because of the lower
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concentration values recorded at tleelgesof the PCA concentration profiles as shawirigure
5.15(aroundr@® z 1@ | from the wall) This decay wdikelyproduced when the concentration
profiles fell hto the areassignificantlyaffected by the light reflections produced along the
channel(as seen iig 515 (d)).

5.4.1. Analytical Solution

In addition the ADE transverse mixing coefficiefd § was obtained from concentration
measuremens obtained with both PCA and Cyclopsasurement techniques

In this set of experiments with a straight open channel with no vegetation, the
transverse mixing coefficiei® « was considered constant along the channel width. Thus, the
analytical solutiorintroduced inSection 2.4.2vas considered for the unbounded flow condition
and considering no flux of concentration at the channel walls:

0 . Yo o

Q1“0 Yo L 10w

QP ¢

Where U is the total mass inflow rate ando is the transversal position of tracer
injection. This simplification considers both the longitudinal flow velocity and the water depth
to be congant along both the transversal and longitudinal direction. The mean velocity value
used in the equation was obtained fratime time-averaged longitudinal PIV velocity obtained in
Section 5.2 Values at the three different spanwise positions considerechtimlate PIV results
were considered d T® p & vandT® U ), and the mean value between them was
calculated.

A simple optimization routine was developed to find the optimid@d value that
providedpredicted concentrations that fittecest with experimental concentration data. The
routine was developed using the Mab optimization functionfmincon, which finds the
minimum solution for a giveruhction. The value being minined wasz Y, where'Y was the
Pearson correlation between thexperimental concentration data and the concentration data
generated by theeq.5.12 considering all profiles recorded over the analysis deea55).

The first concentration profile was introduced as an input along with the water depth
value and the longitudinal flow velocity. Thus, the routine started with a given initial transverse
mixing coefficientO and concentration profiles downstream were glieted using input data
into eq.5.12. The correlationY between the ADE concentration map and the experimental data
was calculated and the objective valgeY was obtained. The function repeated this process
changing the variabl® until the solutionz Y was minimigd. In addition, for each iteration,
the allowedO values were constrainedithin the rangerz p. The optimised results obtained
from each technigue were shown irable5.8. In addition, nordimensional transverse mixing
coefficients'Q j "®°) and Pearson correlations were shown.

Table 5.8 Transverse mixing coefficients from PCA and Cyclops measurement technique
correlations between data and ADE optimization.

4A00 o i jo|ojw Y
N Mrwn 0#! |mMBinmno ™ T ¢ | T8 Y
0 Mwn # UATl [ minno| mMito | Mw
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The results iMable5.8 show a very similar optireed transverse mixing coefficient for
data from both PCA and Cyclops techniques. These results are inregrieeith slopes of
transverse profiles variances obtained previously and suggested a similar mixing process
recorded by each measurement techniqlie addition, these transverse mixing coefficients are
in the line with expected values for straight chanmefs v ‘O j '®° @ (Rutherford, 1994.

5.5. Light Configuration Improvement

As discussed iBection5.2 and Sectionb.4, reflections from the water surface created
by the LEDs were found to produce some errors in measurements at specific locations due to
direct reflections. Therefore, different light configurations were tested to obtain the most
uniform green intensity distribution over the recorded araad minimise the occurrence of
direct reflections Reflective and dispersive materials were used in otdeavoid direct light
reflections over the water surface and to distribute better the LED lighé material chosen
wasReflex Diamond Reflective Sheeting

For the first new light configuration tested, LEDs at both sides of channel walls were left
but the strip on the top was substituted by four strips with two on either side of the beam. This
new distribution avoided direct light reflection over the recorded area. Finally, a rigid structure
covered by the reflective/dispersive sheeting was installed enttip of the channel to reflect
light downwards. It was situateglA | above the beams on the top of the channel and covered
them with two sheets with a length af Y& [ and with an angle of v. This configuration is
schematied inFigure5.17.

1.2 m

NOT TO SCALE

Figure5.17. Scheme of first light improvement configuration.
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For the second light configuration, lights at both sidéthe wall channel were moved
to a height just over the beamsh&re cameras were installed. In addition, reflectivaterial
was used to cover completely the recorded area as illustratédguare5.18.

I*——S cm

1.2 m

NOT TO SCALE
Figure5.18 Scheme of second light improvement configuration.

This configuration increased the reflective area and smoothed the light reflection of the
top LEDs over the material, distributing more homogeneously the light over theefutded
area. In order to studshe green intensity distribution of each configiion, the recorded area
was isolated and filled with tap water as describe®eaction4.4. A video op 1Owas recorded
for each case for the same water depths used previously and agireeged map of the green
component was obtained from each camef@nally, frames from different cameras were
merged as explained iBection4.3.3 Green intensity maps obtained from different water
depths and light configurations are plotted Figure5.19, Figure5.20 and Figure5.21 for the
first light configuration ad both new configurations explained in this section respectively.
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First Configuration -- h = 0.036 m First Configuration -- h = 0.054 m
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Figure5.19 Timeaveraged green intensity maps for previous light configuration.
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Figureb.20. Timeaveraged green intensity maps for first new light configuration.
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New Configuration 2 -- h = 0.036 m New Configuration 2 -- h = 0.054 m
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Figure5.21 Timeaveraged green intensity maps for second new light configuration.

Figure5.19, Figure5.20 and Figure5.21 shows timeaveraged green intensity maps for
the previous light configuration anthe new ones proposed in this section respectively. In
addition, Figure5.22 represents green intensity over a transversal section of the recorded area
situated atp® I from the first recorded spanwise profile for different water depths and light
configuratians.

The figures show three strips with higher intensity for the first light configuration. These
lines corresponded to light reflections over the water surface, and they could potentially
produce some errors in PCA and PIV data as was discusSection5.2 and5.4. The first new
configuration increased the overall green intensity but produced a wide reflection strip along
the centre of the channel. This increase was mostly produced by reflection of lights installed
over the channel. The second new couofa@tion produced a more homogeneous increase of
green intensity over the fullecorded area without lines witlsignificantpeaks of intensity
produced by reflectiondrigure5.22 also agrees witlthis.

Figure5.19, Figure5.20, Figure5.21 and Figure5.22 indicatethat the second new light
configuration produced an improvement of light conditions over the recorded area increasing
the green intensity homogeneously and without generating regions with high light reflections.
Based on that, the second new ligtonfiguration was chosen to run all experiments described
in Section4.5.
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Figures.22 Timeaveraged green intensity profiles for different water depths and light configuratic

5.5.1. Final Dye Calibration

As the lighting configuration was changed, a new camera calibration was required. It
was performed in the same way as explaine®éttion4.4, applying the same spatial and dye
calibration processes$-or dye calibration, thirteen different concentratioalues were recorded
(including zero concentratiorgs showrilrable 59.

Table 5.9 Concentration used for dye calibration for new light configuration.

#1171 AAT OOATE]l @8t | ™| T * | p& * | pX * | ¢8
4A00I AAO p G o T Y )

#1171 AAT OOAJE] ¢ 0| 0B m| T80 | XB6| B | p&lc
4ADOI AAO X U W p T pp PG po

Frames recorded by cameras had a pikehension ofp pi [ . The same spatial
average was performed for dye calibration, using the average value opeaclp ™ E @ahd O
obtaining a framedimension ofp 1 p 1 | . The same third order polynomial function was
used to relate concentration values with corresponding green intensity for each Eiglige
5.23shows the timeaveraged intensitiefor the sameaepresentativecellshowed inFigure 4.10
located atco p® i downstreamof the first recorded profile and in the centre of the
width & 1@ d ), for the range of water depths against their corresponding concentration
values, along with the fied functions.The errorbars show the temporal standard deviatioh
the recorded green intensitgturng the total recorded range (6.
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Figure5.23 Example of dye calibration for new light configurationa cell atd p& i andU

@

A comparison betweethe previous and

new dye calibratieis shown inFigure5.24.

In this figure, the example pixel was located at the mid length of the recorded@reap® | )

and atw

@ U from the left wall. Visual comparison shows the new light configuration

produced a dye calibration with the same trend as the previous one, but with higher values of
green intensity for the same concentration amount. These differences seem to be higher fo

deeper water depths. In addition, the slope of the dye calibration for the higher concentration

values seem to be smoother, producing a trend closer to a linear variation and therefore
reducing the minor errors produced for the higher concentration value
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Figure5.24. Comparison between new and previous dye calilorafior a cellad  p&i andU
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5.6. Concentration Data Analysis with New Light Configuration

Seps takan to analyze raw light intensity data obtained with the new light configuration
explained inSection 5.5are explained below. In additiora comparison between new
experimental data and that obtained using the first light configurat®oonducted

5.6.1. Background Concentration Removal

As it was introduced iSection 5.3 a timeaveraged frame over the centrgl TOwas
produced for each dye injection video. Tharmean value takep 1t p 1pixels were obtained
creating new images @f ¢ ¢ p P pixels and a resolution f Tt p 1t . In a similar way, a
time-averaged frame over 30 s was taken for each no injection video and the same spatial
averaged was applieddoth spatial and dye calibration explainedSaction 4.3.land Section
5.5.1 were appied, obtaining a timeaveraged concentration map with a resolution @frt
p 11 | overarecorded area @fg ¢ p& 1@ for each cameraFigure5.25(a) shows the time
averaged concentration map for the negetated flow condition and water dept@ 18t o ip
and Figure5.25 (b) shows the corresponding background concentration mépen, measured
background levels from concentration frames were removed for each g@&iowrFigure5.25

X
=)
&»

[1/1] uonesusouo)

1
x [m] x [m]

Figure5.25. Timeaveraged concentration profiles from camera 2:fay before background removal
b) background map; ¢) map with background remaved

In addition, inFigure5.26a concentration profile over the spanwise direction is shown
for the same flow condition, located a ¢ . Figure5.26 shows bothtransversal dye
concentration profile and the concentration level recorded for no injection conditions. In
addition, the black profile shows the same concentration profile with the background
concentration level removed.

x10°8

—Concentration data with background
—Background profile

—Concentration data without background

2_

N
()]

Concentration [L/L]
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y [m]

Figure5.26.Concentration profiles located in the middle of camenraith and without background.
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5.6.2. ConcentratiorMapsSitching

The same process as explained$ection 5.3was applied to stich the timaveraged
concentration maps with the background removed, obtaining a concentration map over the full
analysis lengthFigure5.27shows the timeaveraged concentration map used from each camera
and the full concentration mapesulting after the stitching step for the nmegetated flow
condition and the water flow deptifQ 18t o Ip.
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Figure5.27. Concentration map for each camera and full concentration map.

In addition,Figure 5.28hows three different longitudinal profildfsom the concentration
maps plotted inFigure 5.27o improve the visualization of the merger of the different time
averaged concentration maps from the different cameras, merged using the weighted sinusoidal
function explained irBection 4.3.3 The firstongitudinal concentration profiles correspond to
the centre of the channel widtle{ 1@ d ). Then, the second profile is located between the
maximum concentration and the end of the concentration tal ( T® 1t ); and the last
profile is locatectlose to one tail of the plumey 1@ U ).
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Figure 5.28. Longitudinal profiles for each camera and full concentration map.

5.6.3. FilteringTechniques

Same filtering technique as that describedSiection 5.3vas applied to full timeaveraged
concentration maps. In addition, other fourffgrent filtering techniques were applied to
eliminate to study the possible variations in final concentration maps resulting from each
different process and the effects th#étese variations can produce in the results discussed in
Section6.1. For each filtering technique, a different median or mean filter was applied to the
full concentration map. In addition, a threshold value was fit@delimitate the plume from
the remahing background noisé he different filtering techniques considered are the follows:

1 Filter 1: &-order onedimensional median filter and a threshold@p .
Filter 2: 8-order onedimensional median filter and a thresholdwp .
Filter 3: ¥-order two-dimensional median filter and a threshold@b .
Filter 4: -order two-dimensional median filter and a threshold@b .
Filter 5: §-order two-dimensional mean filter and a threshold@b .

= =4 —a -

The generic operation of the median filter was explained in Section 5.3. Moreover, the mean
filter works in the same way, but using the mean value instead of the median one. In addition,
two different thresholds were considered to delimitate the boundar@sthe transverse
concentration profiles. As it was explainedSection 5.3 both percentages were defined lower
than 10 % of the maximum concentration val@Bmxall,2000and Dennis,2000).

An example is shown iRigure5.29. In Figure5.29 (a), the same concentration profile as
shown inFigure5.18 (b) is plotted. Then, irFigure5.29(b) the same profile is plotted after a
6"-order onedimensional median filtewas applied and ifigure5.29(c)a threshold oo b of
the maximum concentratiors applied, removing all values bellow this threshold.
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Figure5.29 Concentration profiles located in the middle of camera 2: a) before applied filter :
after applied &-order onedimensional median filter; c) after appliedP threshold.
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As FHgure 5.29shows, the filtering technique attenuated the low concentration value
recorded in the centre of the concentration profile, but the shape of the full profile was not
modified. In addition, all low concentration values far from the tracer plunmeaieed were
effectively removed.

5.6.4. Mass Balance Factor

Finally,a mass balance was applied to concentration maps obtained by each filtering
technique to ensure mass conservation. Thass over each transversal profile was obtained
and the corresponding mean profile of mass was calculated for each injection. Then, the
correction factor was obtained for each transverse profile and each singlefpixalspecific
profile was divided byts corresponding factoiThe mean mass balance factors applied for the
no vegetation tests for each filtering technique are showFhigure 5.30
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Figure5.30. Mass balance factor applied for each filtering technique and water depiéick lines
indicate the mean mass and a deviation op 1 8

Results irFigure 5.3Ghow the relative variation in mass of the concentration profiles within
the lengthwise for the different water depths and filters. Results show that the variation for the
same water depth is quite similar for the different filters, suggestirag the different filtering
techniques did not affect the overall concentration profiles but only removed extreme values
along them. In addition, results show a decrease of the maximum mass variation for deeper flow
conditions, with a maximum mass variationofie , p U>,p ¢¢ andp 1P for the water depths
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Q mhokp, Q mruir, Q mixk and Q T8t win respectively. The mass
variation recorded fofQ 18t 0 kp may be produced as a consequence of some reflections
produced within the recorded area, which couldguce a missecording of some parts of the
plume downstream, decreasing the total mass amount recording within the transverse
concentration profiles.

5.6.5. Filtering Techniques Comparison

The experimental data from first set of experiments describedSéttion 4.51 were
analysed by using each filter procesel the post filtering mass balandescribed in this section.
Final concentration distribution maps argpanwiseconcentration profiles at two different
longitudinal positionsregarding t0'Q 1@t wir are shown inFigure 5.31 and Figure 5.32
respectively as well as the timaveraged concentration map and the concentration profiles
without any filtering process.é. withonly the backgroundkevelssubtracted)
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Figure5.31 Finalconcentration maps without vegetation arfd= 0.090 ntest: a) without filter; b)
using Filter 1;)cusing Filter 2¢l) using Filter 3g) using Filter 4f) using Filter 5.

-03-
Santiago Rojas Arques
Department of Civil and Structural Engineering



A Study on Transverse Mixing in Shallow Fheitlsin Partially Vegetated Channels

x10°8
1.4 Profile located at x = 1.5 m ---Raw Data| [Profile located at x =3.0 m
—Filter 1
,'.‘ —Filter 2
1.2} ' Filter 3
Filter 4
—Filter 5
o 17
=
c
20.8
i
=
206"
c
o)
(&)
0.4
0.2
0 0.5 1 0 0.5 1
y [m] y [m]

Figureb.32 Comparison between experimental concentration profiles obtaingitg different filter
for testE T8t win.

Figure5.31shows timeaveraged concentration maps using the different filters for the
test’Q 18t win. AlsoFigure5.32represents two different concentration profiles at different
positions & p&I1 andcw o8ti downstream of the first recorded area) obtained using
different filters. In addition, in both figures the concentration data without any filtering
technique applied was plotted. Correlations betwesw data andprofiles with different
filtering techniques were calculated to quantify the differences between different processes as
shownTable5.10.

Table5.10 Correlation values between different filtering techniques results wath data

#1 Q0 |&EIpd&EIc&EIad &EIT1C & E IuC
m8tokp | TMoydq Moy Moyn Y] T Q
MBIV | TRwg TMIWT T wE TOWT T8 WO
X i | Mwd Towd TWIWd T WJ T8 Y ¢
Mt win| Mowy Towy oWy oWy TP U

For all cases shown ifable5.10, results fromno filtering techniquewere used as
reference and all values were obtained comparing results from rest of filtershéthaw data
The results plotted ifrigure5.31 and Figure5.32 show all different filters produced the same
overall concentration tracer distributiorMoreowver, results show that concentration profiles
obtained from different filters are similar to those recorded directly from vidddeese results
agree with those obtained ifable5.10 and confirm that the different filtering techniques
proposed do not charggthe main shape of the concentration maps, but eliminate any spurious
value that could be recordedin addition, results show the differences between filter processes
were found around the location of maximum concentration values. Concentration distrmtsuti
plot in Figure 5.31 show that for some of filter processeslocal increases of maximum
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concentration values are produced along the streamwise direction, instead of a constant decay
as showr(for example)n results from Filter 5. Thisehaviourcould be produced due to some
spurious concentration values recorded due to light reflections that are not properly removed
during filter process. In the following section, the experimental concentration distributams

no vegetated flows obtaineffom eachdifferent filtering techniques were analysed in order to
discuss the accuracy of each filtering technique.

5.6.6. PCAResultsComparison

The results obtainewith this new light configuratiorand using the filtering technique
discussed irBection 5.8nvere comparé againstthose resultobtained withboth the previous
light configuration andhe Cyclopgesults showrin Section 5.4for the same water depth and
flow conditionsand by applying the same filtering technique (Filter 1)

Mass balance factors along the streamwise directimained inSection 5.6.4were
compared against the mass balance factors obtained from previous light configuration
experiments as showhigure 5.3.

Figure 5.33Mass Balance factors applied for each light configuration and water depth. Black
indicate the mean mass and a deviation op 1™ 8

Figure 5.3 shows that the concentration maprecorded with the new light
configuration presenti lowervariation inmass along the streamwise direction compared with
thoserecorded with the previous light configuration. These differences sudbasthe errors
produced by light reflections discussed 8ection 5.4are improved with the new light
configuration, resulting in a better conservatiohmass along the streamwise direction.

In addition,a comparison of the filtered concentration results was performed to analyse
the improvement of this new light configuran in the data. As the light reflections reported
previously only affected to the edge of the dye plume, a visual comparison between individual
profilesdoes not reflect the overall change between both light configuratiomsontrast the
study of thespatial variances along the streamwise direstshows a general view of the
concentration distribution. In addition, as the variance is quite sensitive to small changes in the
edges of the concentration profile, the comparison of the variances obtainedibyg both light
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