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Abstract
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ABSTRACT

Aquatic vegetatiorgoverrs a wide range ofiver processes, from floodontrol to nutrient
exchange, and crucially, pollution dispersal and treatment. This thesis presents a
comprehensive experimental studysing a random array of circular cylinders, of varying
diameters, based on charactersations of real species, to simulate aquatic plants, and study mass
transport in vegetated flowsOptical techniques Particle Image Velocimetry (PIV) and Laser
Induced Florescence (LIF)were employed to obtain velocity and concentration fields at

unprecedented spatial and temporal resolutions.

Concentration maps provided estimates of longitudinal and transverse dispersion coefficients
over multiple reaches, and a comprelsve range of flowsv 1 YQ p 1 1. iTwo distinct
longitudinal dispersion regimeseparated atYQ 1 11, Were foundwhere different physical
processes drive dispersion. Fg2 T 11 mixing is dominated by shear and thus cannot be
considered stricthFickian. FoYQ 1 1t tmrbulent diffusion efficiently spreads mass locally
and transport is mainly advective. Transverse dispersion is mainly determined by vegetation
morphology, and hoReynolds numbeiGenerally, solutes are seen to spread indepenlyeit

initial conditions, as they quickly assimilate the average physical characteristics of vegetation.

Instantaneous velocity maps were obtained with PIV and glass cylinders to allovstirter
visualisation. Mean maps show that flow heterogeneities aeeised by complex stem
interactions and not by a superposition of their individual effects. Dispersive fymeswith
increasingYQ , andbecomedominant drivers of largscale dispersioat’'YQ ¢ 1. After this
range, tirbulent fluxesbecome less fminent as drivers of large scale dispersibat smalt

scale mixing still increases witf) , thus reducindrapping timesin recirculation zones.

In summary, the novel findings present a comprehensive picture of the main hydrodynamic
features dominaing dispersion in vegetation, and theiependence orfReynolds number. The
novel inclusion of diameter and spacing distributions in the RandoSticks array reveals the
existence of a range of characteristic flow scales broader than in unifltameter artifcial
systems. This variability suggests the existence of stem and wake interactions that have not
been previously included in models for vegetation morphology and mixing, and further work is
needed to characterise these effects, to develop more accurdigsipallybased dispersion

models.
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ADV:Acoustic Doppler Velocimetry
RANSReynolds Average Navier Ségi{equation]
DANSDoubleAverage Navier Stokes [equation]
PVCPolyvinyl Chloride

FoV:Field of View

BBL:BouguerBeerLambert [law]
CW:Continuous Wave [laser]

OD:Optical Density

AV: Artificial Vegetation

FFTfast Fourier Transform
RMS:RootMeanSquae of the fluctuating component of a quantity

STDStandard Deviation
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Note: the acronym RMS is used exclusively to refer to the variation around the mean of any

quantity, so it is equivalent to the standard deviation STD in this document.

FRAMES OF REERRE

ofudtr : Main Qrtesian coordinatest ¢ streamwise,w ¢ spanwise or transverse, aric

vertical directions
o : Cartesian coordinates in tensor notatian.k 6 fro F ohuhi
6 : Velocity components in tensor notatiod. k 6 o 6o

6fR) : Main velocity components ia ¢ streamwise D ¢ spanwise or transverse, anm ¢

vertical directions

“Yoho : Main components of the timaveraged velocities ifY¢ streamwise o ¢ spanwise

or transverse, and ¢ vertical, directions
0: Time domain
T : Auxiliary time domain
“Y: Time interval long enough to contain all scales of flow

AVERAGING FRAMEWORKS

—: (Overbar) timeaverage of the instantaneous quantity
—: Tubulent fluctuation of the instantaneous qudtyt —

[ : Phasefunction, determining whether at a determined instant, a point is occupied by fluid

( p) or solid, i.e. obstruction (1)

0-O Spatial average over a volume of fluid only considering the fluid phase alsiatrinsic

spatial average

— : Spatial fluctuations of the passive quantityfrom the space average-Cover a volume of

fluid, only considering the fluid phase.

—: Mnsecutive timeand spaceaverage of the passive quantity in a control volume of fluid,

only considering th space and time inteals occupied by the fluid phase
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— : Yatial fluctuations around the mean value—, of the timeaveraged quantity— over a
volume of fluid, only considering the space and time indsvoccupied by the fluid

phase

o4 nsecutive spaceand time average of the passive quantity in a control volume of fluid,

only considering the space and time intals occupied by the fluid phase

66 : Temporal fluctuations around the mean valded of the spaceveraged quantityd-<&
over a volume of fluid, only considering the space and time irgtsroccupied by the

fluid phase
06 : Pace average of the passive quantitalong thecrdirection only
08 : Pace average of the passive quantitalong thewdirection only

w: Volume of fluidspacelarge enough to cover the average morphological characteristics of

emergent vegetation, covering the solid and fluid phase
w : Portion ofwonly containing the fluid phase
T :Porosity in amultiphase (soliefluid) field

¢  : Vector normal to the surface of the sofftliid interfaces (i.e. surface of obstructions),

pointing into the fluid phase, in th€h direction

0 : Total area of the control volume occupied by the sdlidd interface, i.e. obstruction

surfaces
0 :Velocty at the solidfluid interface

6O - : onditional spatial average that considers contributions from obstructions with a

centre further away than a distandé
GREEK CHARACTERS
¥ : CharacteristicLagrangiarurbulent length scale

¥ : Estimate of the characteristic length scale of coherent turbulantictures, obtainedrom

time (auto)correlation functions

¥ . Characteristic lengthcale ofshed vortices
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¥ : Oharacteristic length scale of coherent turbulestructures, obtaied from space

correlation functions

3 : Quantum efficiency of a camera (ration of photons absorbed to electrons generated)
3 : Quantum yield of a fluorescent substance (ratio of incident to emitted light/energy)
m : Time-averaged vorticityi 7

| | : Lnear bestfit coefficients of theYQ -dependent drag coefficienjy , function foran

array of circular cylinders

| :\elocity-defect threshold defining the areas in which low velocities are associated with the

existence of a recirdation zone (i.e. primary wake)
= : Direct dissipation of energy from the mean flow due to viscosity

o 0: Satial average of TKE dissipation, both directly and through the tenoe cascade, due

to viscosity

- . \Vorticity criterion to define the areashere vortex formation is stronger, and are thus

connected to the existence of recirctitan zones (i.e. primary wakes)
— ! Attenuation coefficient due to clean water
I : Sreamwise (i.e. temporal) Pearson skewness coefficient of the concentrdistribution

I : Global Pearson skewness coefficient of the instantaneous, streamwise velocity field from

a complete PIV record

I : Gobal Pearson skewness coefficient of the instantaneous, transverse velocity field from a

complete PIV record
I : Transverse Pearson skewness coefficient of the concentration distribution
* :Gobal average of the instantaneous, streamwise velocity field from a complete PIV record
* :Global average of the instantaneous, transverse velocity field from a mpIV record
* 1 Average light intensity value of a PIV image
" Kdy/turbulent viscosity
: Dynamic stress component in tf@h direction, over theé&h face of a fluid element
: Sreamwise (i.e. temporal) variance of the concextion distribution
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» . Gobal variance of the instantaneous, streamwise velocity field from a complete PIV record
» . Gobal variance of the instantaneous, transverse velocity field from a complete PIV record

. . Standard deviation of the spatial velocity fluctuations, associated with the secondary

wakes ofobstructions in the flow field
. . Transverse variance of the concentration distribution

1l Average trapping time of a passive solute, within tieeirculation area of cylinder wakes (cf.

primary wake)

t, T : (8bit) intensity maps corresponding to the same interrogation wvmdat two

consecutive PIV images
t : Shear stress component in tf@h direction, over the&h face of a fluid elment
t :Boundarylayer induced shear stress
t : Shear stress component in 2D horizontal flows
T, : Lagrangian velocity in tfi@h direction, of thet -th particle of a statistical ensemble
1 : Turbulence intensity of the Lagrangian eeity componentt
1 :"@h component of the instantaneous vorticity field
T . Absorptivity of light due to Rhodamine 6G concentration
T :Faction of the flow field occupied by recirculation areas (i.e. primary wakes)

3 : (Upper) incompletegamma function, defined as: ohdd . & 'Q 'Q wNote that the

lower incomplete gamma function is defined over the limitscd
T :Hume bed slope
I 1 :Fequency function for the sinusoidal component of the autocorrelation fundtion
- : Absorptivity (i.e. attenuationgoefficient of laser intensity
- : Dissipation of energy due to viscosity at the smallest scales of turbulence
—: Laser power absorbance (due to fluorescence) along the laser beam
Il : Wavenumber
* : Dynamic viscosity olvater
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: Kinematic viscosity of water
, » Auxiliarywdomain
: Density of water

« : Slid volume fraction, i.e. portion of the flow field occupied by obstructions (solid phase)

—n

: Absorption coefficient of the mdium where laser light travels

—n

T : Envelope function of the autocorrelation functian t

LATIN CHARACTERS
6Q0 : Average drag force per unit of submerged cylinder height
6QQ Drag force, in the streamwise direction, caused by #iverage cylinder in the array

6Q O Total dragforce considering the fluid density and fluid depth, in the vegetated array,

caused by the presence of stems

O : Transverse diffusion coefficient approximation usimgcalerian approximatiod 2 ¢ 8 f 2 NR &

theory of diffusion

'O : Turbulent energy (twesided) spectrum. From the Eulan Autocorrelation function

“Y : Rateof-strain tensorfor the time-averaged velocity field

P: Vector coordinates of an array of illuminated seeding particles

@O Average travel time between consecutive LIF measemenpoints for all reaches tested

OYMP PSSt GAYSQ 0S0G6SSy AyeSOGAz2y |yR @KS OSydNRAR
measurement point

4 : Characteristic period oftie secondary shedding frequency

(@}

: Projected surface area of a cylindgrerpendicular to the direction of mean flow

0 :Drag coefficienfor a circular cylinder

O=

: Drag coefficient associated with form drag force over a circular cylinder

Os

. Drag coefficient associated with viscous drag force aveircular cylinder

XXXVi



0 : (Bstimated/calibrated) concentration value at tlieth pixel along the laser beam
‘O : Dispersion by trapping in boundary layers

'O : Shear dispersion coefficient. Dispersion attributed to spatial differenodsne-averaged

velocity only
O : Turbulent diffusion coefficient
'O j : Dispersion by acceleration between obstructions
'O j : Secondary wake dispersion (also, dispersion by differential advection)
'O i : Vortex trapping dispersion
'O : Dispersion coefficient in the streamwise direction
'O, : Lateral dispersion coefficient causieg mechanical dispersion alone
'O : Dispersion coefficient in the transverse direction
O : Dispersion coefficient in the vertical direction
O: Mean Kinéc Energy
O : Turbulent Kinetic Energy
'O : Turbulent energylensityspectrum. From the Herian Autocorrelation function

‘O : Turbulent energylensitycrossspectrum. From the Eulerian (twaoint) Crosscorrelation

function’y T
"O : Drag force over a single circular cylinder
O : Form (pressure) drag over a circular cylinder
"O :\Viscous (shear) drag over a circular cylinder
O : Reference force acting on a circular cylinder
‘0 "0: (8bit) ntensity maps correspualing to consecutive PIV images
“O: Bmitted fluorescent light
‘O Laser light intensity

“O: (8hit) image intensity value at theth pixel along the laser beam
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‘O: (8bit) image intensity value corresponding to the outfager power
0 : Characteristic length scale of the flow associatptbportional) to the flow depth
0 : Characteristic length scale of turbulence in the streamwise direction

0 :é&-th statistical moment of a concentration function

0 - : Probability of finding a cylinder at a distance larger than

0 : Probability of finding cylinders withinQfrom each other

0 :Nominal output laser power

0 : Production of TKE due to buoyancy effects (only applicable in atmospteis)fl

0 : (Estimated) laser power at thé-th pixel along the laser beam

0 : Attenuated output laser power

0 : Production of TKE due teelocityshear

O :Productionof¢ Y9 RdzS (2 206aiNUHzOliA2yaQ 61154

'Y : Contribution to theimage correlatiorfunction’Y ip from the mean light intensity of two

consecutive PIV images

'Y : Peak of the correlation coefficient may i, which is found for the displacement vector

that matches the same patrticles lyegen two consecutive PIV images

'Y : Qontribution to the correlation coefficientyY b from random contributions of non

matching particles between two consecutive PIV images
'Y : Eulerian velocity autocorrelation for tfi@h component of velocity
'Y : Eulerian velocity (twgpoint) correlation fo the ‘@h and’@h components of velocity
'Y : Bestfit coefficient between a model prediction and experimental measurements
"Y : Fiction slope (i.e. slope of the vegetated flow energy line)
“Y : Rate-of-strain tensor
Y : Strouhal number, nodimensional sheddinfyequency

"Y : Rate of strain tensor in 2D horizontal flows
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“Y : Characteristic temporal scale of turbulee in the streamwise direction

“Y : Pressure transport in the balance of TKE

"Y: Turbulenttransport of TKE (only applicable in submerged vegetation/canopies)

Y : Incident flow velocity (before it reaches the vegetated area)

"Y :Time-averaged streamwise component of velocity along the wake centreline of a cylinder
"Y : Mean pore velocit, averaged oer the volume occupied by fluid

Y : Pore velocity computed as the doubsveraged velocity from a PIV recording. Note that
this quantity is used instead 6Yin chapters 6 and 7, a¥ is obtained from a spatial
subsample, which, thouglarge enough to cover the average macroscopic features of

the vegetated field, it is ndby definition the same
w : Time-averaged transverse component of velocity along the wake centreline of a cylinder
@ : Sreamwise coordinate of thé&&h measuwement point, i.e wcoordinate of the@h camera.
@ : Sreamwise coordinate of thé&&h measurement point, i.excoordinate of the@h camera.

® : Local streamwise coordinates associated with a wake centreline

@ : Root-meansquare of thefluctuating quantity®. & o
@y : Half width of the wake behind a circular cylinder

"Q: Secondary shedding frequency, associated to the streamwise velocity signal along the wake

centreline. Defined as 2 times the measured shedding frequé&ncy

"Q: Shedding frequency, defined as the peak of the frequency spectrum measured at the end

of the recirculatiorarea (start of secondary wake)

"Q: Total drag force, per unit height and unit mass, in the vegetated array caused by the

presence of olisuctions, i.e. cylinders
"Q: Gravityas external force
Q : Permeabilty of the vegetated flow field

NY aDFdzZza&aAly LINBLI IFG2NI F2N) 0KS GNY yad@SNAES
by White and Nepf (2003), expressing the likelihaddfinding a particle, that is

diffusing in a Gaussian mannet specific points downstream
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N i : Hux of a passive scalar in tf&h direction

1° : Minimum centreto-centre distance between adjacent cylinder to allowrttulence to

generate diffusin
: Displacement vector of PIV seeding particles between two consecutive images
i : Rateof-strain tensor from the turbulent fluctuations of velocity
i :Edgeto-edge distance between adjacent cylinders
i : Centre-to-centre distancébetween adjacent cylinders
0: Travel time between consecutive measurement points

OYIN¥ @St GAYSQ 060SGoSSy AyaSOilAzy LRAY(I @yR (GKS
th measurement point. The notatidn is also used to relate to theatistical monents

of concentration functions

0 : Sreamwise turbulence intensity (roeneansquare of the fluctuating turbulence

component)
0 : Shear velocity
0 : Turbulence intensity

0 : Characteristic velocity scale of turbulence in tiissipation rangei,e. Kolmogorov velocity

scale
0 :Wake induced spatial velocity fluctuations

U : Transverseturbulence intensity (roomeansquare of the fluctuating turbulence

component)
 : Local coordinate associated to the start of a sedanry wakefor a single circular cylinder
@ : Local coordinate system related to the secondary wake of the cylinder lab®lled
@ : Local coordinate system related to the secondary wake of the cylinder lakilled
w : Transverse centroid of the caentration distribution

w : Lateral position of the injection, measured from the wall at the lasile, for the LIF

experiments
w : Diffusive distance obtained from Tay@mproportionality relationship
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"Q Flowdepth

4 : Characteristic time sda of coherent turbulenstructures defined as the reciprocal of the

characteristic shedding frequency
3w: Sreamwise distance betweeconsecutive measurememioints
0 : Goncentration of a passive scalar, i.e. solute, in a moving flow field
'O: Molecular diffusion coefficient
O: Total kinetic energy of a differential volume of fluid
‘0 Light intensity (map) expressedars (8bit) image grayscale value

0 ‘O Attenuation of laser power from optical density filter

C

: Laser light power

0 ‘Q Péclet number expressing the ratietween mixing coefficients due tadvectionand

diffusion
0 : Volumetric flow rate

Y b : Correlation coefficient of the displacement vectog of a set of illuminated particles

between two consecutive PIV images

YQ : Reynolds number associated to the mean cylinder diani@eas characteristic length

scale
YQ : TurbulentReynolds number, calculated using the eddy viscosity
'Y 'Q Reynolds number associated to the generic flow sgale
"Yo : Turbulent Schmidt number
"Y: Mean (timeaveraged) streamwise velocity
®: Lagrangian displacement, in the streamwise direction, of ajflaiiticle as a function of time
®: Lagrangian displacement, in the transverse direction, of aflaiticle as a function of time
: Fontalfacing area of vegetatiofobstructions) per unit volume
@it :Basis for a sinusoidal function

'Q: drcular cylinder diameter
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"Q Frequency

" Turbulent Kinetic Energy only considering the horizontdtp , components of velocity

a : Sem number density (nutmer of stems per square metre)

3

N : pressure

i T :Analytical autocorrelation function for periodic flow phenomena.

SPECIAL CHARACTERS
V : Production of turbulent kinetic energy from the raa flow

T : Lagrangian correlation function, relating the velocity of a fluid particle férdint times

during its motion

Jb: Characteristic length scale of turbulence in the dissipation eang. Kolmogorov length

scale
a : Sreamwise extent othe recirculation region

O : Attenuation length: streamwise extension of the velocity decay caused by the presence of

an obstruction (i.e. cylinder)
U : Diameter measure

2 : Function representing the nostatic component of the dynamic pressure actimga volume

of fluid. This function considers the sum of vertical and streamwise virtual stresses and

their gradients. For the effects of this research, thigugfity is considered negligible
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PREFACE

This thesis is structured i traditional format such that the contents of each chapter build
from the conclusions of previous ones. However, care has been taken to also allow the reader
to understand each individual component without exhaustive background. The background
theory uncerpining the current understanding of vegetated solute transport is presented in
Chapter 2. A set of preliminary experiments designed to study the assumptigmgwbus
longitudinal dispersion modslare presented in Chapter 3. The novel experimentsiesy is
explained in Chapter 4, and a thorough description of the set up process and calibrations is
presented in Appendices A and B. Chapter 5 shows the results from concentration
measurements and an analysis of the trends observed. The velocity mapseazbtare
presented and analysed in Chapter 6, and Chapter 7 presents a discussion of the relevant flow
scales and their impact on largeale mixing. The main findings are summarised and discussed

in Chapter 8, and further steps given in Chapter 9.

Duringthe course of this project, prior to its official submission, the following conference

publications have arose from the work included in this document.

a. CorredorGarcia, J. L., Delalande., StovinV., & Guymer LO HnuHn 0 Why GKS
Surface PIV for # Characterization of Wake Area in Flows Through Emergent
+S3ASHFGA2Y QT AY YlIfAy24allI adr aNRl26all
in Environmental Hydraulics. GeoPlanet: Earth and Planetary Sciences. Cham,
Switzerland: Springeverlag, pp. 4852.

b. CorredorGarcia, J. L., Stovin, V., Guyme(20220 SpdticTemporal Characterization
of Hydrodynamics and Mixing Processes in Obstructed Flows using Optical Teddriiques
Proceedings of th89" IAHR World Congresgune 202}, Granada, Spaimp. 5140g
5149 doi:10.3850/IAHRBOWC2521716X20221035

The first publication is extracted from the contents of Chagtér and the last one summarizes

the contents inChapter 4
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Chapter 1. Introduction
Jesus Leonardo Corredor Garcia

Chapter 1. INTRODUCTION

1.1. Rationale

The presence of emergent vegetatiatominates a wide range of physical, biochemical,
geomorphological and restoration processes in variagsaticsystems. Understanding flow
resistance imposed by vegetation is important for flood modelling and managewegetated
flows control the flues ofmany different suspended materials and solutes. Sediment transport
through and between plant patches controls rates of erosion and deposition, which have
consequences on river geomorphology. Nutrients, biologicalispemnd seeds are exchanged
through vegetation elements for biota reproduction and conservation and water quality
control. The latter isrelevant for the construction of engineered wetlands for pollution

treatment.

Acknowledging the importance of emergemégetation flow systems, accurate modelling,
management and design is crucial for their effective use and conservation. This requires a
thorough characterisation of the vegetation elements and their interaction with the flow. The
hydrodynamic processes agting in these systems are a subset of the comprehensive and
complicated area of fluid dynamics, alongside the complexities included in the foregoing cases,
such as reaction rates, sediment transport and biological processes. Appropriate understanding
of the physics behind plafftow interactions underpins the success of their application, and

can provide case studies for the comprehension of problems in fundamental fluid mechanics.

As can be seen, any study on emergent vegetation and its applicatioesdssarily multi
RAAOALE AYINE® . NRIRf&x GKS LINRB2SOO Ww{2fdzi$s
+853SGFGA2yQ 08f2y3a (2 GKS INBF 2F 9YJGANRYYS
of fluid dynamics and solute transport. The physical q@meena of emergent vegetation
systems are continuously explored in the subareas of these topics: turbulence, stability theory,
stochastic transport, advectiediffusion, among others. Understanding the complexities of
vegetated flows hinges on the possityilof developing representative numerical, field and
laboratory studies, so that the main interactions, physical drivers, orders of magnitude and
trends can be identified. From this knowledge, simplifying assumptions for practical

applications and quanidible evidence to contrast with existing theories can be developed.
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Generally, investigations on flow and mixing use representations of vegetation that fall into one
of two categories: realistic macrophytes including natural features such as leafs amthésan

or simplified elements with known geometries. The former usually covers field studies and
laboratory experiments with real species, or models aiming to represent them. The latter is
used in numerical and simplified laboratory experiments, normalfyragenting stalks and
stems with circular cylinders, either in regular, staggered or random arrays. Both have provided
useful insights into some of the relevant physical phenomena. Their main difference lies in the
conflict between scalability/reproducily and accuracy. Realistic systems provide bulk
quantifications of vegetated reaches, more faithful to natural systerhwever,
gquantifications of smaiscale processes are usually overlooked, such that scaling the results
becomes challenging. Simplifieystems allow for a better characterisation of phenomena
from single and interacting elements, to vegetated reaches. The lafiproach igpursued in

this work, as the aim is to enhance the understanding of the fundamental processes and how
these are theresult of interacting vegetation element&iven the simplified nature of the
vegetation array used in this study, the conclusions derived are limited to vegetation species
with a morphology similar to the RandoSticks array, that is, rigid, cylindradklike elements

e.g. reeds.

From hydrodynamic studies, it has been found that vegetation elements dominate the
behaviour of their flow fields: thegxtract most of the energy from the mean flothrough

form and viscous drag, anthrough instability reghes create structures that prompt the
development of a spectrum of flow structures. These structures distribute and dissipate energy
across different scales, which ultimately dominate the rates of mass transfer and mixing. In
vegetated solute transport, ost experimental results and subsequent models are developed
in the Fickian regimewhich is achieved after solute cloudse significantly larger than
representative scales of the floge.g stem diameter, cluster sizesnd disperse linearly with
time. As will be presented, these results are still insufficient for accurate models, and the

following research needs remain:

1 Vegetation characterisationthere is a persistent gap between realistic and simplified
experimental models. Most of the diversity afgetation morphology is overlooked by the
current uniform cylindeibased approachedviore realistic artificial models mustccount
for variations in stem spacing and diameters.

1 Flow heterogeneityknowledge is still needed to describe how plant elementsract and
produce the mean flow fields, and what defines the sizes and behaviours of features of

vegetated flows such as wakes, recirculation zones and boundary layers.

2
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Turbulent kineticenergy budgets in vegetated reachesurrent results are from point
based measurements or small areas covering few vegetation elements. More results are
needed to define the sizes and life spans of enamgytaining structures, i.e. flow scales,
and the verification of hypothes regarding, isotropy, homogeneity and energ
productiondissipation relationships.

Fickian regimes in vegetated reachdsp unifying, vegetatiomlependent threshold has
been defined to determine the time/length scales necessary for solutes to spread linearly,
and thusfor current models to be valid

Comprehensive experimental result#dddressing the previous research needs requires
thorough characterisations of flow fields and solute traces in vegetated reaches. These
obstructed flows limit the use of instrumentation for velocity field charactédiises, such

that reachscale informatioris still absent from current experiments.

1.2. Objectives

The main objective of this research is to provide kighlity hydrodynamic and mass transport

data, through Particle Image Velocimetry and Laser Induced Fluwvescexperiments,

respectively. From these, velocity and concentration fiedle expectedto resolve the

behaviour of the flow and solute clouds, from single elements to comprehessive arrays

These results are expected to shed light on some of thddmental processes overlooked thus

far, and to verify and inform the main assumptions, models and theories of vegedatate

transport. The aim of this novel dataset is associatétl the research needs via the following

specific objectives.

1 Better represent vegetation through artificial arrays.a novel artificial vegetation

configuration is presented, called RandoSticks, which introduces the stem diameter
distribution measured for the species Wint€ypha latifolia in addition to a random stem
location distribution. The additional complexity of this configuration is expected to
introduce realistic interactions to laboratory flow fields, such that interactions, sheltering
and stem spacing variations, can better represent the phenomena overlooked coysev
experimental approaches.

Provide accurate and representative mean hydrodynamic mapom the configuration
proposed, velocity fields over a comprehensive range of flows will be obtained, and
spanning an area large enough to cover a representativeplaof vegetation elements.

Mean maps of the main hydrodynamic quantities will be used to describe how the
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interaction of stems define the features of the vegetated flow field, namely, wakes,
recirculation zones and boundary layers. The main quantitatemds will be explored and
assessed in the context of their impact on solute transport.

9 Spatial turbulence and flow scale characterisatidbhtain full characterisations of velocity
time series to derive the main turbulencpiantities localise importantanes of turbulent
energy production and derive relevant turbulent length scales. Given the area where these
measurements will bebtained the results will be used to explore the evolution of $be
quantitiesin the context of the doubl@verage equationsof motion.

1 Comprehensive range of concentration measurements for dispersion characterisation.
The velocity measurements will be coupled with concentration measurements, over a
wider range of flow rates, and a comprehensive vegetated reach, to quantifgrdien for
the RandoSticks configuration. Dispersion results will be compared with the main flow
scales found, and alternatives to characterise the influence of vegetation distribution and
their impact on mixing will be explored. Building on the relatiopdetween concentration
maps and probabilistic distributions, a relationship between statistical descriptors of

concentration traces and the threshold to attain a Fickian regime will also be explored.

1.3. Methodology and Structure

The physical limitations adbstructed flows have limited the possibility to obtain extensive
velocity and concentration fields. This project proposes a novel experimentaipseatith
bespoke solutions for the acquisition of highality data, from which to address the research
needs described above. At the end of this research it is expected that the final velocity and
concentration information can help elucidate the main features of vegetated flows, verify the
assumptions of previous models for vegetated dispersion and providt gatnomenological
principles from which to study these crucial systems, such that both researchers and

practitioners can develop realistic and extensible models.

Given the scope of this research, the ambitious experimental plan proposed is divided into 2
main stages. 1) LIF experiments to estimate dispersion coefficients, to describe mixing in a
range of flows spanning the regimes found in nature. This stage involves the use of an optical
system, with 4 lasecamera measurement stations, to obtain 2D cemication maps that
describe the transverse and longitudinal variation in concentration. 2) PIV experiments in a
representative area of the flow field, with novel solutions to allow illumination within

obstructed flows, to obtain spatitemporal velocity ields, at high enough resolutions and
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frequencies to describe the spatial evolution of hydrodynamic quantities and turbulence
guantities. Given this division of the experimental stage, the data will be analysed and

presented in the following way:

Chapter 2presentsthe literature review, summarising the findings from relevant previous
studies that independently explored the physical phenomena involved @ dtudy of

hydrodynamics and mixing in emergent vegetation.

Chapter 3presents the results of preliminary experiments, proposed and executed to study
specific assmptions of the previous models for vegetated dispersion. Using Surface PIV
measurements, the information needed to reproduce the most relevant model for streamwise
dispersion is obtained. Some of the main assumptions are analysed in light of the expafiment
results, and a preliminary discussion is presented on some of the main physical factors
overlooked in current approaches. Further, a study of velocity statistics, to introduce the idea
of interacting wakes, and the importance of coherent structures mssntransfer is given.
Finally, some important theoretical consideratiare highlightedegarding the use of Eulerian
measurements to represent theories of diffusion initially proposed in a Lagrangian frame of

reference.

Chapter 4concisely describes the vegetated array and the novel experimental configurations
proposed to obtain the data described. The theoretical principles and thepqeessing
techniques usedor the experiments are described. A detailed, stgpstep account of the
setting up process of the instrumentation, and calibration results, is given in Appendices A and

B, for LIF and PIV, respectively.

Chapter 5presents the results from the first experimental stage proposed above. First, a
description of the methods used to process and clean concentration profiles is given. This
is intended as a benchmark tprepare concentration data for the calculation of dispersion
coefficients, using both statistical approaches and optimisation procedures based on a routing
solution of the ADE. The trends found for the statatdescriptors and concentration profiles
help elucidate the behaviour of the xing regime for each test. These results are further
compared with characterisations of vegetation descriptors and previous estimates from

artificial and natural vegetation.

Chapter 6presents the maps of first and second order velocity statistics, such that the spatial
variation of these quantities is contrasted with the known theory of obstructed flows (e.g. zones

of turbulent groduction, evolution of vorticity). These results are further analysed in the context
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of the doubleaveraged momentum equation, and used to characterise drag forces and

coefficients in the RandoSticks configuration.

Chapter 7 uses the velocity fields obtained, to explore different alternatives for the calculation

of energy spectra, shedding frequencies and relevant length scales. These scales are analysed
in probabilistic terms and compared with those found from the vegetation characterisation.
Lastly, the results fror@hapter 4 Chapter Gand Chapter 7are assembled, and theends and
magnitudes ofdispersion coefficients and hydrodynamic scalesg. Reynolds stresses,
dispersive fluxespre compared over the range of Reynolds numbers analyBestincts
dispersionregimes are identied and the dominant velocity terms for each one identified.
Further consequences regarding the use of these conclusions for the design of experimental

studies and development of analytical/empirical models are explored.
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Chapter 2. LITERATURE REVIEW

2.1. Introduction

Flows in and around vegetation, present invariety of ecosystems, control several key
environmental processes for their subsistence and stabjliadhav and Buchberger, 1995)
They influence bed erosion and sediment deposition, mass and momentum exchange between
vegetation and high conveyance strearfidepf, 2012) and regulate solute transport and
mixing. The latter determines the rates of nutrient uptake and biochemical reactiadhgw
vegetation(Nishihara and Terada, 201@nd its study can improve the control and design of
natural and engineered vegetated systems for pollutant treatment and stormwat
managemen(Shilton, 200Q)There is, however, a considerable knowledge gap concerning the
general understanding of fluid mechanics at relatively small scatessiem and intesstem
scale$, its implications for mixing, and the principles under which dimensional analysis may be

applied toupscalethese concepts at the patch and reach scale.

This literature review presents a brief overview of the current understanding in hydrodgaami
and solute transport in vegetation. Emphaisigiven to general concepts of fluid dynamics, and
the processes encountered regetated flows Subsequently, a general review of the current,
physicallybased models for massansport is given, and fingllprevious approaches tmodel

mass tansport in vegetated systems are presentdthis chapter concludes with a discussion
on the limitations of previous relevant studies, alongside the most prominent knowledge gaps

that motivatedthis research project

2.2. Hydrodynamics

This review focuses dhe particular subset of flowthrough emergent vegetation, which, for
practicality isoften represented asirraysrigid circular cylinders. The following descriptions of
flow components and turbulence arpresented fromcases relevant to vegetated flows.
Further, since this research has ultimately a practical, engineering aim, all flows are described

under the assumption of incompressibility and constant viscosity.

All descriptions of fluid flownd mass transport arexgn in Cartesian coordinatgepresented

in 3D by the componentsifuftx , wherewis the direction of meaflow, wis the component

7
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perpendicular towin the horizontal direction (i.e. parallel to the flow bed), amcepresents

the component perpendicular to the bed. The velocity components dbifa are 6foh)
respectively; and the general Cartesian and velocity vectors will be represented by bold
lowercase letters, or by an arrow above each letter, thiss ¢ OO , and @ e

ofudtr . Wherever convenient, Einstein summation convention will be used, in which an index
indicates thata quantity must be considered ovatl Cartesian directiongnd repeated indices
represent a sum oveall componers of the repeated indeXSynge and Schild, 1978he
connection between vector and tensor notation & ¢ ho ho ofufir, and 6

6 o oy .

2.2.1. Mean and fluctuating velocity components

The mathematical framework for the study of fluid flow is represented by conservation
equations. The first of which is the mass conservation equatiarontinuity equationand is
represented as follow&Currie, 2012)

0

. —, T Eq.2.2-1
w! o' g a

—a

Té 1T 0610
Tw 1T A
The second fundamental equation represents the momentum balance and is obtained from a
force equilibrium applied over differential fluid element. Considering body forces and gravity

("Q) only, we obtain the following expression for the momentum balaittiaze, 1975)

10 .1 44 L
5 1o 76"

" Q Eq.2.2-2

Where” is the fluid density, and the left hand side B§.2.2-2 is amaterial or substantial
derivative, which represents the change in momentum following a single differential volume of
fluid along its motionpath (Batchelor, 2000)The term, represents the stress component in
the "@h direction applied over thé&th face of the differential volume. This stress component
can be divided into an isotropic, symmetrigailrt, i.e. presurer), and amantisymmetricalone,
representing shear stressets . Shear stress is defined for a Newtonian fluid as linearly
proportional to the rate of straint  * ¢"Y (Hinze, 1975)where the proportionality constant

* is thefluid viscosity. The resulting expression is MevierStokes equation for incompressible
flow (Currie, 2012)
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<Y "Q Eq.2.2-3

' isthe kinematic viscosity and¥ the rate-of-strain tensor, which is defined as theverage
velocity gradients for the plan€at is(Pope, 2000)

prto 10 . pT 61T ¥
- S Y - ., . Eq.2.2-4
q N ¢T ! A

Applying the continuity equation to the second differential term on Rt¢f Eq.2.2-3, amore

concise expression for the NaviStokes equations obtained

T, pt . 1
mo rmﬂ

oY o] —0 Q Eq.2.25

Eq.2.2-5 represents a no#linear system of partial differential equations, whose analytical
solution (everits existencgis beyond the reach of theurrent theory(Pope, 200Q)Except for

a fewflow casesguantities such as velocitiesajectories (i.e. streamlines)na positions of

fluid particlescannot bepredicted from analytical expressianinstead theyfollow random
patterns that can be described only through statistical methgdsylor, 1935) This
randomness with increased rates of momentum and mass transfer, tkd@eensionality,
rotational motions and viscosHiynduced instabilitiesis what characteriseurbulent motion
(Tennekes and Lumley, 197%Yhen the extent of this chaotic motion is low, and the movement
of fluid particles resembles an idealised flow of parallel streamlines, the fosaid to be
laminar(Batchelor, 2000)As the randomness of the motion increases, due to increased energy
of the flow or induced instabilities, the flow transitions to a state of turbulence, wisitie

state of most flows in nature, and particularly in vegetated systems. The parameter used to
guantify the state of this transition and the type of fluid motion is fReynolds numberY Q

defined as the ratio of kinetic to viscous forces in tloavfl

YO
YQ — Eq.2.2-6

Where"Y and 0 represent characteristigelocity and length scasof the flow. In the case of

flow past circular stems (cylinders)js usually choseto represent the stem dimeter, Q and
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"Yis the pore velocityY . Consequently, all references to Reynolds number included in this

work, are understood to indicate thetem Reynolds numbeYQ  Y'Qr .

ExperimentallyReynoldg1883, 18955showed that in the transion to turbulence, the initially
laminar streamlines breadkown and form eddies that advect downstream with the mean flow,
and the velocity behaves in a chaotic mandewnstream An image from his influential paper

is presented irFigure2.2-1.

DGR
ANAAFEIG L

Figure2.2-1 Experimental investigation of Reynolds (taken fiRaynolds, 1883. 942), in which the
transition from laminar to turbulent flow is identified. The transition is identifiethftbe breakdown of
a line of dye into distinct eddies, viewed against a sparkling light.

Whether velocity is measured for a single particle alongdtth, or a specific spatiapoint in

the flow, atemporalprofile similar to that shown ifrigure2.2-2 is found.
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Figure2.2-2 Graphical representation of Reynolds decomposition from a time series of longitudinal
velocity(Ricardo, 2014)

Any property of the flow willbehave simildy to Figure2.2-2. For the \elocity, 6, and any
property travelling with the flow, its instantaneous valoan be expresseds thesum of the
contribution from the mean value and a deviation therefrdiReynolds, 1895; Monin and

Yaglon, 1971)

6 Y o EqQ.2.27
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"Yis the mean velocity component, obtained from a tinawerage of the velocity record
(Y 0). 6 is the fluctuating component of the instantaneous velocity, characterised by
random deviationdrom the mean, as shown iRigure2.2-2. Details of the time averaging
procedure and the criteria necessary to apply the decomposition sho.i2.2-7, are given

in Sectior.2.5

This decomposition is important for two main reasons, firstpiesents the averaging
procedures andstatistical framework used to describe turbulence. Second, it relatés the
existence of eddies, which are featuregth structural consistency, intrinsic to all turbulent

flows; andshownas the swirls sketched by Reynold§igure2.2-1.

2.2.2. TurbulentStructures and Coherence

As shown irFigure2.2-1 turbulence is characterised lilje existence of eddied'wo questions
with regards to these structurearise: what determiastheir formation and size? And, what

controlstheir size and stability downstream?

Regarding the first question, turbulence is generated from instabiliti@ssed bysmall
perturbations; which, due to interactions between inertialdaviscosity terms in the equations

of motion (second terms on the LHS and RH)d.2-5, respectively), propagate rapidly owing

to their nonlinearity(Tennekes and Lumley, 1973everal types of instabilities exist, which are
subject to intensive research in fundamental fluid mechanics, and are therefore beyond the

scope of this thesis.

The current researctiocuses onvegetated flows,where stems aremodelled as circular
cylinders. For this case, flow pasffiged cylinder exhibitsdifferent types of transition and
stability regimes for the structures developed. Tihituence of viscositpearthe cylinderwalls
creates aBoundary Layethatexpandsdownstream from the incidendstagnationpoint (A in
Figure 2.2-3a), along the cylinder circumferencéSchlichting and Gersten, 2000Jhe
subsequenformation ofvorticesdepends on the interagn between the boundary layer and
the outer flow, which varieswith Reynolds numberYQ , and pressure gradient along the

cylinder.

To illustrate the formation ofortices Figure2.2-3a shows the interaction between the flow
and a cylinder at low Reynolds numbeMX p @ From point A to B, a local increase in
velocity is coufed with a decrease in pressuréllowed by a deceleratiorand pressure

increasefrom points B to DA sharp velocity gradient outwards from the boundary layer,

11
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induces a rotational instabilitythat prompts flow separation at point C, between B and D

(Schlichting and Gersten, 2000)hiscausesY I a4 (2 WNRff dzZJQ Ay GKS F2NXY
vortices at thebackof the cylinder, creating a closed recirculationggeation) region whose

longitudinal extent is given by the distance between points D aftéeffrard, 1966; Berger and

Wille, 1972)This initial form of recirculating eddies constitutes a stationary stable state for low

Reynolds numérs,p 1 YQ 1 1tGerrard, 1978)

This stableseparation regiorscaleswith 'YQ , until the length ‘0 'Q reachesapproximately 2
cylinder diametergc¢Q), which in turbulencdree incident flow occurs a¥Q 1t fi(Roshko,

1954; Gerrard1978) After this threshold, the recirculation cell starts to oscillate, opening a
pathway of mass exchandewards theouter flow, at point EKigure2.2-3a). This pathway
leaves a trace with a sinusoidal variation that accelerates until the separation point in the
boundary layer becomes unstable and behaves as a vortex sheet, thereby rolling up into
alternating vorticesthat are then advected downstream. This alternating detachment of
vortices forms a stable twdimensional configuration at lown-moderate Reynolds numbers

X T YQ 1 1 {6Gerrard, 1978)in the form of a parallel pair of vortex rows, with a phase

shift,isknown as tle Karman vortex stredKarman;1911) and shown idrigure2.2-3b.

Figure2.2-3 a) Flow eparation at the rear of the circular cylinder at Re = 13, the stable stationary
configuration generates two symmetric eddies rotating with opposite dire¢tfam Dyke, 1988A)
Stagnation point, i.e. point where the incidesgiocity approaches zero at the surface of the body; (B)
First point of peak negative pressure; (C) separation point; (E) rear of the cylinder; (E) end of
recirculation cell. b) Development of a regular and stable Karman vortex street visualised using
eledrolytic precipitation, Re= 105(VanDyke,1988)

The configurations shown Figure2.2-3 aretwo-dimensiondly stable for each regime, and the
transition between the two, for turbulencé&ee incident flowoccursatt m Y'Q X mAdelay
in this transitionis expected for shear flows and incoming turbulei€g/a, Tamura and Arie,
1980; Khabbouctet al., 2014)

Physically, twalimensional stabilitymeans that vortices are parallel to the cylinder. For

increasng YQ, this 2D stabilitys lost and a transition to 8D regime occursn two stages.

12
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Frst, vortices that are initially parallel, or slightly oblig(williamson, 1988a)o the cylinder
axis, break down and form closed loogs X T'YQ p y)mAt larger YQ (D ¢ o-t@t @)1t
smaller vorticeswith a strong streamwiseomponent developin the near wakgWilliamson,
1988b)

The transition to a fully 3Rortex sheddingegimeisaccompanied by chaeg in the negative
pressures behind the cylind€williamson, 1991)A laminarturbulent transition occursfrom
moderate Reynolds number¥Q p w)tin the near wake. This expands the range of vortex
motions and scale@Villiamson, 1996b, 1996c)

Different scales omotion, i.e. size of eddy, ke frequendes associatedwith their vorticity
(rotation) and thus a role in terms of energy flux, momentum transport, dissipation, and
diffusion (Hinze, 1975; Townsend, 1980jortex stability depends oiY¥Q and distance
downstream: large eddies from the vortex street will either be dissipated directly to viscosity,
for ' YQ p g fWilliamson, 1991)or they will brealdown into smaller eddiesyQ p @,
until turbulence becomesisotropic (Roshko, 1954)that is, the statistical properties of
turbulence will be independent of any rotation of the coordinate sys{iarman and Howarth,
1938)

The previous discussion shows that eddies are largely responsible for the energy transfer (see
section 2.2.3 and diffusion ofmassand momentum.Largescale structures govern the
turbulent behaviour of a cylinder wake, arate instrumental inthe trapping, release and
transport of scalar gantities such as pollutants, sediment and h€baylor, 1915)Referring

back to the question of what factors determine the size and stability of these structures, there
is not a compte understanding of the complex flow phenomena governingrthife span
However,it is possible, through experimental methods, to study their consistency with time,

which is usually referred to a®herence

The term¥oherent structuréwas first associated with the persistent features of lasgale
motions in turbulent flovs (Townsend, 1980; Liu, 1988urther refinements defined them as
masses of fluid with a phasmrrelated vorticity(Hussain, 1983)r simply put, a®rganised
spatial features which repeatedly appear and undergo a characteristic temporal life cycle
(Berkooz, Holmes and Lumléy@93) Understanding tteir life cycle is of particular interest in

the study of mass and momentum transport, particularly in vegetated fl@geral methods

exist for the study of coherent struateis, their temporal variationis usually determined via

the Proper Orthognal Decomposition, POMHolmeset al,, 2012) and the Dynamic Mode
Decomposition DMD, (Schmid2010) Both arelimited when used independently by the

13
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nonlinearityof the structures which is assodiad with their formation mechanism¢Higham,
2017) Thesedecomposition techniques work by extracting thein orthonormalmodes of
rotation in phasespace, so that the turbulent field can be reconstructed based hwesd

dominant modegHolmeset al,, 2012)

As explained abovegoherent structures carry energyansferred from the mean flow. The
range of vortices is associated with a distribution of energy spanning the large (integral) scales,
to the smallest microscales. The latter are of the same oofi@nagnitude as viscosity, and

subject to deformatiorenergy dissipatiomo heat(Hinze, 1975)

2.2.3. Energy Spectrum

As energy is abstracted fromeéhmean flowmthrough stem/cylinder dragsee Sectior2.2.4), it

is distributed acrosdifferent structures whoseenergy is associated with a frequency, thereby
creating an spectrum of turbulenc@aylor, 1938)This spectrum is the result of transforming
the turbulent velocity componentsinto a frequency domainTheir amplitudesrepresent the
contribution to the totalflow energy Before describing such transformation, it is necessary to

recall how energy is quantified in turbulent flows.

Eachturbulent velocitycomponent contribugsto the total energy of the flowThe total kinetic

energy of differential volume of fluid, per unit mass, is given by the following expression

66 Eq.2.28

Yalhe)

Where the second definition is given using tensor notatigkpplying the Reynolds
decompositionthe total instantaneous energg dividednto mean and turbulent components,
Then, time averagingq.2.2-8 yields the total energy as the ntribution from the Mean Kinetic
Energy (MKEYD, and Turbulent Kinetic Energy (TKE)For reference, the tern® is used to
define turbulent kinetic energy in a full 3D flow field. In vegetated flows, where the 2D

simplification is applied, the santpiantity is represented bidwhere @ pf, .

00 =060 Eq.2.29

The details of the decompositian Eq.2.2-9 are given in sectior2.2.5 The equation for the

rate of change of kinetic energy, per unit mass, of a fluid particle can be obtained by multiplying

14
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each of the expressions iq.2.2-5 by 6 , and summing all equations together, thus obtaining
(Pope, 2000)

O 0 o
— 0 —~— — —Nn ¢ovY Y'Y Eq.2.2-10

The third term on theeHSepresents the energy flux density of dfdrential element of fluid,
which comprisesthe direct energy transfer by the displacement of particles, and pressure,
molecular and internal friction effec{®lonin and Yaglon, 1971he term on th&HS¢' “Y Y,
results from the work done by viscous shear terrasd represents viscous dissipatiothe

conversion of kinetic energy into he@ope, 200Q)

Similar to the case of the equations of motion, the termEdin2.2-10can be decomposed into
mean and turbulent componentd(.2.2-9), which gve expressions fathe changein Mean

(Eg.2.2-11), and Turbulentq.2.2-12) Kinetic Energy, respectively

—, 0—0 606 — 0V vy = Eq.2.2-11
o 0 o o 000 ~ ¢ 0 q
5] 0 nNee —
T—‘ 6‘T—"O T— Eé 00 _ﬂ ¢ o v - Eq.2.2-12
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The termy represents a production of turbulent kinetic energy, amgpearst @ | WYaAy 1 Q
negative) term in the MKEE(.2.2-110 YR & | Wa2dz2NOSQ OEg®S o LI

2.2-12, indicating thaty entailsa transfer of energy from the mean rion to the scales of
turbulence, which are responsible for an increase in momentum trangpoge, 200Q)as can

be seen from the definition of

[}
\Y) 06 — Eq.2.2-13
T o g

The instantaneousate of straintensor™Y canalsobe subdivided into a mean and a fluctuation

component,
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The terms- and - in Eg.2.2-11 and Eq.2.2-12 represent the dissipation of energy due to
viscosity at the mean flow and turbulerftnainly at dissipative scalesjespectively. For
undisturbed turbulent flowsd.g.away from boundaries or obstructions),is several orders of
magnitude smallethany, and is therefore negligible for all practical purpogespe, 2000)

Dissipatiorterms are defined as follows

¢y - i EQ.2.2-15

Invegetated flows, the presence of obstructideadsto enhancedlissipation of energy at the
mean flow level, via viscous drdge to increased shear along cylinder surfacgs can no

longer be considered negligib{Blepf, 1999)

The largest scales of turbulent motion, iietegral scalesabstract energy from the mean flow
and are responsible fanost ofthe mass and momentu transport; therefore, most of the
turbulent energy is contained in these scal&s.intermediate range of scales, called thertial
subrange is responsible for transferring energy from the integral scales, todiksipation
range which contains themallest eddies and where energy is dissipated under the action of
viscosity.For vegetated flows, the identification of this inertial subrange from velocity data is
still an open questior{Nikora, 2000) Nonethelessto quantify the dispersion of any scalar

quantity, the focus must necessarily be placedimmintegral scales.

Khintchine(1934) andTaylor(1938)reported the relationship between the velocitprrelation
function (Karman and Howartt,938)and the energy spectrum of velocities in the frequency
space’Q Before defining the spectral functions, it is necessary to introdbeecorrelation

functions in time and space domain.

In general, the velocity signals covered in this thesis @mesidered stationary random
processes (steady flow), meaning that mean values do not vary. IfFaguire2.2-2, avelocity
signal contains a noticede periodic component correlation functions canreveal these

featureswith respect to time and space.

The firstcorrelationto consideris the autocorrelationfunction, which relates a signal with a
shifted version of itselflt is defined aghe covariace coefficientbetween theoriginal and
shifted signalsTo maintain consistency with the hydrodynamics literature, the covariance is

better expressed in terms of the turbulent component of velocity, which has zero mean. The
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autocorrelation function is used in fluid dynamics to describe the temporal evolution of the

velocitysignal at a single point in a flow field, and is therefore defined as

Y O — Eq.2.2-16

Eq.2.2-16requires the average period to be considerably larger than the largest flow scale (see
Section2.2.5. Two main properties can be derived frdig.2.2-16. First, the range of the
autocorrelation functionis, p Y t p, and secad Y T is an even function of, that

is'Y T Y T . For periodic signals, the absolute maximaYoft are approached when

the peaks of the signal and its shifted version match. The valuesvbére local maxima and
minima ofY t are found, represent the characteristic period, and therefore frequency, of the

dominant structures present in a velocity record.

Although evidence of flow features can be found via autocorrelations; knowledge regarding the
stability and intrinsic featurgis unattainable. To compute the statistical relation between the

“h velocity component at a poirty and the'@h velocity component of poinP, with a time lag

T, the general crossorrelation (cf. multipoint correlation) is defined as

_ 6 el & o t
Y ot — EqQ.2.2-17
60 @60 ® P

The correlation function presented iBq.2.2-17 describes the characteristic period and thus
frequencies, of the structures encoded in a velocity record. To find the contribution of each
structure to the total turbulent energ®, the spetrum’O "Q, which describes the proportion

of energy contained in structures with frequenéf),is defined(Taylor, 1938jound that this
spectrum functionO "Q and the autocorr&tion function’Y 1 are Fourier transforms of one

another, as shown ikqg.2.2-18andEq.2.2-19.

0o ¢ YtQ Qft Eq.2.2-18

Y t 0OQQ QQ EqQ.2.2-19

Fallxe)

17



Chapter 2. Literature Review
JesUs Leonardo Corredor Garcia

Y T is an even functionso it is possible to redefine the limits of the energy spectrum
equation, so that only positive values of therdain are considered, which are more consistent

with experimental results

o 1t YTAIO Rt Eq.2.2-20

The energy spectrunm Eq.2.2-20, is a function of the velocity statistics of a single paolifitis
can be extended to muHpoint correlationslf mean velocity,Y, is significatly larger than the
turbulent velocity scalesi.e. turbulent structures at two points (within a distanceremain
unchanged(Taylor, 1938y ¥ NRuibBeyiceK & LJ2 (i &pplidsiaddhe time component in
Eq.2.2-20 can be expressed as , T'Y, thus, yielding the spectrum in the wavenumber
domain,ll. Ingenerality, the spectrum from multipoint correlations should be defined in terms
of either time or space. For the latterthe one used in this thesisthe wavenumber spectrum

is calculated

ol ¢ Y ,mQ Q, Eq.2.2-21

In addition to defining the distribution of energy assoflow scales, spectral functions allow for
the estimation of vortex shedding frequenciéRoshko, 1954)Finally, consideringurbulent
velocitiesasrandomfunctionsimplies thattheir Fourier transfoms will be randomfunctions

as well, therefore, the relations between different scales barexpressed in statistical terms.
The energy relations between different scales of turbulent motion Kedimogorov(1941a,
1941b)to formulate his famous universaquilibrium theory, which can be summarised as

follows.

For steady flows, no net change of kinetic energy with toueurs therefore, an equilibrium
between dissipation and productida expectedThe smallest scales dissipate energy under the
action of vscosity, so, a continuous input of energy is necessary to maintain an equilibrium.
Times of characteristidarge scales are several orders of magnitude bigger thiawse of
microscaleslt is hypothesised that both are statistically independe@bnsequetly, small

scalesdepend only on viscosity and on the rate at which energyaisstierred from the large

! Note that the functiorlO "Q refers to the onesided spectrum, i.e. considering oi@Q m® t I NAS @I f Qa
theorem is originally defined for the doubded, symmetrical spectrui® "Q, then,O "Q ¢O "Q.
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scalesSmilarly, intermediate and large scales will be independent of viscosity and dependent
on the rate of transfer of energy and the energy abstien rate from the mean flow,
respectively. In other words, the range of eddies and the dissipation rdtadyust to both
viscosity ad the rate at which energy is fed into turbulenftem the mean flow, to maintain

equilibrium(Fischeeet al.,, 1979)

2.2.4. Drag and Shear

Having defined turbulengcales and thir associated energyhe focus is now othe source of

that energy transfer.

It is known from Boundary Layer Theqrthat viscous effects are ddnant nearsolidsurfaces.
Boundary layes originatefrom the nonslip condition alonghe surfaces, whiclimplies the
existence of a dominant shear stregs, in this regionMost vegetated/obstructedlows are
divided into boundary layes, where shear and viscosigre dominant,and an outer region

which, for large'YQ , is dominated by advection

For the case ofircular cylindersthe hydrodynamic forcés the combination of the effects of
shear stress and pressure gradiergbng thesurface Note that a transition from positive to
negative pressures leads the boundary layeinstability described in sectio®.2.2 and the
subsequentvortex shedding The hydrodynamic force acting on the body is divided intifta
and aDrag component, which are perpendicular and parallel to the incident streamlines,

respectively.

drcular cylinders are subject to a drag for@®@, only, which is in turn composed of a viscous
(from the shear stress) and a form (from the pressure gradieathponent Defining™O
analytically requireshe velocity and pressure fiedclong theentire cylinder surface, which is
experimentally unachiable. Alternatively, mechanical similituédowsthe drag forceto be

scaledfor different flow fields, in terms of a characteristic foraed the same morphology

The flow fields aroundwo geometrically similar bodies are said to faechanically simal if

the streamlindayoutaround both are similarA property of mechanical similitudews is that

the ratio of forces acting on similar positions is constant for both flow figdd$lichting and
Gersten, 2000)Assuming a reference force common to all circular cylinders, this is defined as

— 0 wéeioweo Eq.2.2-22

19



Chapter 2. Literature Review
JesUs Leonardo Corredor Garcia

The similarity constan§ , is the drag coefficient. The most convenient choice of the reference
F2NOS Aa GKS adlr3yrdAazy LINB&Aadz2NBET RSHPAINWSRZI FNRY
where the vector normal tdhe cylinder surface and the incident streamlines are parallel,

therefore

"0 &) g" ¥ Eq.2.2-23

Whered is a characteristic area of the body, perpendicular to the direction of teamflow.
"Yis the incident mean velocity is the flow densityThrough dimensional analysis it is known

that the drag coefficient0 , is a functionof 'YQ only, and is defined as

Eq.2.2-24

Dividing'O into the aforementionedviscous and form (pressurepmponents, respectivelyA

drag coefficient for each contributiosan be defined

o o
P P
C v C ¥

Eq.2.2-25

It has been found that the dominant source of energy in flows through random arrays of
cylinderlike elements, e.g. atmospheric canopy flow, is turbulent production due to drag
imposed by slid boundariefRaupach, Antonia and Rajagopalan, 1991; Kaimal and Finnigan,
1994; Finnigan, 2000\nother important source of energy in canopy flow is the effect of shear,
which appears as a consequence of sharp velocity gradients, due to changes in the boundary
conditions of the flow fieldFurthermore, the action of cylinders in the flow field aleduces
heterogeneities leading to temporal and spatial fluxes of energy; vortex shedding being an
example of the former, and wake interactions and vertical turbulent fluxes being examples of

the latter.

To date, measurements of shear production in candpw{Raupach and Shaw, 1982; Raupach,

Coppin and Lgg, 1986; Raupach, Antonia and Rajagopalan, 1884 associated this source

of energy with the shear layer occurring in the interface between vegetated andegetated

regions, particlarly in the vertical directio?® ¢ 2 GKS | dzi K2 NJ®ré@ nol y2¢f SR3ISZ
experimental measurements of shear production at length scales comparable to the size of

vegetation elements within the flow.
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2.2.5. Averaging Frameworks

The previous sections presented hydrodynamics concepts that rely on the concept of averaging,
mainly in the time and space domaiitheconcept of averaging well-known However, its

applicationin fluid mechanics depends on certain conditions that will be covered in this section.

Consider a variable-which represents any scalar function for a spegifiint in the flow field

(e.g. concentration, heat, velocity component, pressure, etc.)inits average—is definel as
) p hl \Z hl \Z L \Z
—O0 ~ —0 O] 0 0 Eq.2.2-26

Where"Yrepresentsthe recordingtime interval, and is a phase functiowhere, for instants
when the point is occupied by the fluid phagaakes the valug p; andr Ttotherwise.
For this study, all flow fields analysed are stedwnce—as a random process h#fse same
mean parameters independent of the valuetfdditionally, the mean valuecomplies with

the Reynolds decomposition presenteddn.2.2-7
— . > Eq 2.2-27
Eq.2.226 and Eqg 2.2-27 are alsovalid for the case ofinsteady flows (Reynolds, 1895)

formulated some conditions necessaryaeeragethe equations of motionThese weraefined

into the formal relations presented belo(onin and Yaglon, 1971, p. 207)

— T — T Eq.2.2-28
O— O— Eq.2.2-29
AT Eq.2.2-30
T_,_ T__ Eq.2.2-31
Tn 11
= Ifh Eq.2.2-32
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Where—and[ are scalar functions of the flow fieldyis a constant and represents any of
the domain variables of the flow field scalar quantities, weor 0. Clearly,the conditions
presented inEQ.2.2-28, Eq.2.2-29 and Eq.2.2-30 are automatically satisfied from properties
of the integral operatorEq.2.2-31, is satisfied only for the time averaga vegetated flows

Below the theorems for the application Bfy.2.2-31 considering space averaging are given.

From the Reynolds decompositioB( 2.2-27) and the condition presented ifq.2.2-32, the

following consequences are obtained.

— Th T — — mIF Ifh @ Eq.2.2:33

Jn"

Note that the validity of the identities ikq.2.2-33 requiresthe interval“Yto be considerably
largerthanthe characteristic period of the largestegral flow scalgbut small enough tavoid
effects of thelongterm variations in the mearlow (e.g. seasonathanges, tidal wavés
Mathematically,(Monin and Yaglon, 197Befine thisas a spectralgap, represented as an
interval in the Fourier transform ofwhere the values are zero between the characteristic

frequencies of the longerm variations and turbulent fluctuations.

For a flow field where théoregoingconditions are satisfied, the Reylds decompositionEq
2.2-27) can be applied over thmomentum equation£q.2.2-5), thus obtaining the Reynolds
Averaged Navier Stokes equations (RANS)

T
T

S
0 0.—0
0

pT
o "

Tw

'|'_ ’ -

= ¢Y 60 T Eq.2.2-34

The RANS equations represent the momentum balance over a p&rfoda single point in the

flow field, in an Eulerian frame of reference. This procedure introduces new virtual stresses
(called Reynolds or turbulent stresses)pmesenting the momentum contribution from
turbulent fluctuations. Howevelkq.2.2-34 does not provide information regarding the spatial
variation of velocities or séisses, or the correlation between flow quantities at different points;
parameters that are essential in the analysis of mass dispersion in a floif&elitho and Nepf,

2008b)

A similar form of upscalingn the spatial domain, is proped in the Double Averaging (DA)
framework, a methodologysedfor the analysis of flow phenomena in multiphase figilson
and Shaw, 1977)atmospheric canopy floyRaipach and Shaw, 1982; Finnigad00) and

recently formalised for its application in flow through vegetation and rough ed®oraet al,,
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2007, 2013) The use of a formal methodology for spatial and temporal averaggsates
from the complexity of multiphase flows. The first consideration of the DA framework, is the
definition of a spatl average over a discontinuous multiply connected domain. Considering
again a generic flow scalar field; the spatial average over a domain composed of a fluid
and a solid (vegetation) phase, is defined as

6 P
w

—® P @ PQ QQ Eq.2.2-35

Wherel @ is the fluid phase function defined over the spatial domain, such that for points
lying in the fluid phasé p, andr Ttotherwise. The use of a phase function allows for

the definition of a porosity as an extension of the spatial average, thus

[ @ PQ Q Q Eq.2.2-36

elo

W

 represents tte fluid portion of the volumalomainw. For simplicity, the produ® Q Q

will be expressed a@Pfrom now on This research is confined to the case of static vegetation

elements, therefore, both the phase functipn, and the porosity , are independent of time.

Applying the spatial average time-averagedjuantities, e.g— extends the idea of a Reynolds

(temporal) decomposition of variables, to a double averaged @he instantaneous variable

—is then divided into three compomés. A double averagederm, — as shown irEq.2.2-37.

— represens the spatial deviation of the tim@veraged values with respetd —. —isthe
time fluctuaion presented irEq 2.2-27. These components relate to each other according to
Eq.2.2-37, inverting the averaging order leads to the decompositioBqr2.2-38 (Nikoraet al,,
2013)

_ - - _ Eq.2.2-37

— o8 oa — Eq.2.2-38

Where the terms irEq.2.2-38 show theDAwhen the space average is done figtOis the

double average mean ef- 68 is the temporal fluctuation of each spatiatiyeraged quantity
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0-Oand— represents the spatial variations arouddOTo develop the flow equations from
the double averaging(DA)framework, the conditions given iq.2.2-28 to Eq.2.2-33 must be
satisfied. The first three are automatically valid fr&a.2.2-36, and the requirementshat wis
larger than the length scales of the flogtill applies which makethe conditions presented in
Eq.2.2-32andEq.2.2-33valid. However, due to the discontinuity of the flow fidlie condition
in Eq.2.2-31 cannot be mathematicallyattained A relation between thederivatives and
average quantitiess necessary. For the casepf w (Eq.2.2-31) (Whitaker, 1985presented
a solutionfor the spatial averaging theorem, now referred to the First DoubleAveraging

Theorem(Nikoraet al., 2013)

p L= .
— — — - — € r—® ’D b 2.2
; o . Q Eq.2.2-39

—a

The termé j represents thé&h component of the vector normal to the solghaseinterface
(i.e. stem surfaces)pointinginto the fluid. The integral term is defined over the sum of all the

areas0 , of the interfaces between stems and fluid.

A solution to the requirement icq.2.2-31, for the case offy ¢, was presented bgray and
Lee(1977) which solved the derivatives along the sdligdd interfacesusingthe properties of
the Dirac delta functiongKinnmark and Gray, 1984dhis solution is known as Reynolds

theorem or theSecond Doubléveraging Theorem

e e 6ptip—@ P QP Eq.2.2-40

o
O‘
O

The variables of the dot product within the integral term represent the velocity of all points in
the solidfluid phase interface® B and the vector normal to the interfaces,p. Note that the
stems are static anonpermeable therefore, the integral term ifeq.2.2-40 will vanish for the
effectsof this research. Tapply the DA framework for the continuity equatiadhe modified
Reynolds decomposition issed(Nikoraet al., 2013)to obtain.

I

—f7 Oa T Eq.2.2-41
: wT q
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Similarly, decomposinghe instantaneous variablegerforming the double averages and
applying the theorems to the differential termis Eq.2.2-5 yields the Double Average Navier
StokegDANSgquation(Nikoraet al,, 2007, 2013

Tw Eq.2.2-42

The three additional termsin the DANSequation (cf. RANSE(Q. 2.2-34) describe the
hydrodynamic force induced by the presence of stems, and the dispersion of mass in flows
through solid elements. The two integral terms for the streamwise componerk (o) arethe

form and viscous drag components, resiealy (Tanino and Nepf, 2008a)lhe terms
0 0 and oo ,arecarelations ofvelocity components along the awaging volumeand

represent the net transfer of momentum due to spatial heterogeneity of the flovd faand
turbulence, respectivelyThe latter is the spatial average of the Reynolds stresses, and the
former have been termed forAanduced stresses and disgsive fluxegLeonard and Luther,
1995; GiméneZurto and Corniero Lera926) These terms quantify the gradients of velocity
that ultimately contribute to the differential displacement of mass particles and therefore of

the dispersion coefficient of solutes in flow through vegetation.

2.3. Solute Transport

The previous sectionfocused on the fundamental concepts of vegetateghdrodynamics,
particularly randomcylinder arraysOne of the most important challenges Environmental
Fluid Mechanicss to understand how different mechanical processes in water bodies affect
the fate and transport of substancegSocolofsky and Jirka, 200d}his section provides an

overview of the current state of the art in the study of solute transport.

The spatial and tempordescription of the flow field for this section is the sagreenin section
2.2, that is, a Cartesian frame of referenaith the three main directionscfufix where wis
oriented in the direction of the mean flowjlies in a plane parallel to the bed aads oriented

upwards normal to the bed. The quantity of interest in this section is concentratiorof a
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passive substance, varying in space and tithe, & ofufdid . Tensor notation and the

summation convention are used in this section when necessary.

2.3.1. Solute Transport EquatiagpADE

Anysolutein a flow fieldis subject to two main actionsdvection and diffusion. The former
refers tosolute paricles(e.g. sedimerg or pollutants) moving with the same direction and
speed as the mean flow. Diffusias associatedwith random turbulent motionsand local

concentrationgradients(Socolofsky and Jirka, 2002)

A fixed injection of a passiwwdluteincreassits Patial extent with time, while the total mass

remains constantSolutes spread in aqueous media accordin§iQ a f I 63X KA OK TF2ff 25:

alYS LINAYOALX Sa | & C2 deNgthBagRtates that éhe fRiFof 618

along the'@h direction, 1 j, is proportional to the negative of theoncentration gradient,

Ak O— Eq.2.31

where O, the proportionality constant, is called thsotropic, moleculadiffusion coefficient
Eq.2.3-1is defined for mass flux stationaryfluid. Extendingo the case of a moving flow field,
advection and the gradient flux are superimpog€ischeret al, 1979) leading to the general

mass flux,

N 00 O— Eq.2.32

From the mass conservation princi@eplied to adifferential element of fluidusing the flux
defined inEq.2.3-2, thevariation inconcentration with respect to time and spage,amoving

flow field, is obtainedn the form of the Advection Diffusion Equation, ADE.

—n

6(’)1.6j ! ’OTEj Eq.2.33
o0 T To To g-<

—a

The analytical solution of the general ABg.@.3-3) requires knowledgef the velocity6 , for

all points in the flow field. Ais requires the solution of the complex hydrodynamic equations
(Eq.2.2-5). However, it is possible to simplihe general ADE, depeimdyon the specific case
study. The simplifid®ons relevant to this researchre related to flow through mergent
vegetation. Frst, the flow is predominantly twedimensional and the concentration is

considered unifamly distributed over the depth (& & ). Further, based on the geometry
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of elements comprising the cylinder array, bed effects are assumed to have negligiloks effe

on largescale dispersioiiNepf, Mugnier and Zavistoski, 1997; Nepf, 2008)is first et of

reductions leads to the following version of the ADE,

—n

I A, . S £q.2.34

To Tw TwTow!ow Too!ow

Despite the simplification, aanalytical solution tdEq.2.3-4 still requires complete knowledge
of 6 andv. To circumvent the complexityhe instantaneous variables are separated into time
and spatialaverages, togetdr with fluctuations therefrom.In a similar way that such a
decomposition generatesirtual stresses in the momentum equations, the crpssducts
between concentration and velocity fluctuations generate directional fluXdsese fluxes
represent the effects of turbulence and velocitgtbrogeneities, and are lumped into new,
anisotropic and spatially independent coefficieri®, and'O , representing longitudinal and
transverse dispersion, respectivelffurther, the averaging removes any mean velocity
componentbesides the mean streawise velocityw 1 (Saolofsky and Jirka, 2002he ADE

becomes,

) 7\; 6 .. 1o |, 0
r— —. O— 0O — Eq.2.35
To T w Tw W

The consideration of a passive solute involves the additional requirement of a constant mass,
independent of time, for pulse injections; and a rate of mass change as an initial condition for
Eq.2.34, for the case of continuous injection§he former is applied in this wiras the
experiments used puldajections (se€hapter 4. Following these considerations, it is possible

to find a 2D routing solution to the ADE equation, as derive(Bagk, Seo and Jeong, 2006)

s 6 & hyhy Y Yo o6 o O
6 & hito —— WAQD 0 5 o
o o Eq.2.36
W o o,
AP ————— W
TO 0 o]

For a routing solution to be valid, knowledge of the concentration profile at a first measurement
point,® ,is necessary. This caary with respect tabando. The other parametersneededto

estimate concentration at aecond pointw , are the travel timest the two measurement
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stations,0 and® , the mean velocityY, and the dispersion coefficient§, andO . The routing
solution presented inEg. 2.3-6 has two main purposes: first, tpredict concentrations
downstream from aneasured profilewhich requires knowledgef'O ,'O and"Y. Second, from
two known concentration with separation 30 ®© @ ,itis possible to usgqg.2.3-6 as

an objective function to find bedit estimatesof O ,’0 and"Y.

2.3.2. Dispersion and Diffusion

The previous ection covered the fundamentals of the governing physidadlged model for
dispersion Secifically, thesimplified solutionfrom which to calculatelispersionparameters,
or make predictims. The purpose of this secti@ito study the physical drivers that define the
dispersion coefficient®© and'O , their influence on the mixing dfacers in a flow and the

techniques used for their estimation.

Theassumption of a reference system movimigh velocity"Y, used toderiveEq.2.3-6, implies
that all points of the solute cloud move with the same speed, and diffiepending orO and

'O . Thisassumes that molecular diffusioand the dispersive effects of turbulence and shear
are mutually independent, and as such can lbeped together into generalmixing or
dispersiorcoefficientg(Fischeret al., 1979) This section wiltover the basics dfirbulent and
shear dispersiorand discuss the limitations of thi&impedpproach in the quantification of
O andO . It will be seen, thaEq.2.36 is valid only after an initial length scale called the

advective zone.

In solute transport, turbulence is treated agandom walkprocess with a displacement scale
given by the product dlurbulent velocityd 06, and a time stef® olfa fluid particles followed

in a Lagrangian Frame of Referenadth a coordinate system moving with velocity the
relative distancef, between the origin of the frame of reference and the positmthe
particle at a specific time, will be a function of time. This relative displacement analogy was

proposed byTaylor(1922)in hisdtheory of diffusion by continuous movemestsFrom this

initial postulate, heconcludedhat the change in the variance of displacemeﬁ, of particles
moving in a turbulent flow is equal to the product of a turbuleetocityscale, defined sithe
turbulence intensityd (i.e. meanroot-square of the turbulenvelocity), and aharacteristic
length scalep , analogous to the mixing length. The sequence of steps leading to this theory
is shown irEq.2.3-7.
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Eq.2.37

6 . 1 & Q¥ andifo® Hothen: 6 . T & ® 06 0

where all the terms iEq.2.3-7 represent the turbulence diffusio® . Note that the existence
of a constant length scale , depends on the integral of tHeagrangiamutocorrelationT ¢
being finite andreachinga constant value a®© H. This means thati o must tend
asymptotically to zero. Both conditions are in general satisfied after an initial time"¥tale
0 76 . Assaid in Sectior2.2.2the largerflow scales of turbulence dominate most the
turbulent diffusion, and parameterd) and "Y provide approximate values for their

characteristic lengtland time scale.

Figure2.3-1a shows 4 different instants of a cloud of dye diffusing in a turbulent flow, after a
pulseinjection. While the cloud of gle is smaller than the largest turbulent scaliéss shaped

by the passing random structusethus yieldingdifferent shapes for each experimental
realisation. If several such realisations are madeensemble dispersive cloud is obtained as
shownin Figure2.3-1b (Fischeset al,, 1979)

i $ /o '*'\ )
(a) t [ * ’(‘;/Vé /__/
g /’/—\\
by + & (oY o+ )
RN L \ /
- ~ e

Figure2.3-1. Effects of large scales of turbulence on diffusion. a) diffusion of a cloud of dye in a
turbulent flow field. b) ensemble average of several tracer tests on the same conditions of (a).
Reproduced fronfHscher et al., 1979)

Figure2.3-1a showsthat the ensemble cloud is bigger than eaaldividual trace However,

after the cloudis largerthan the characteristic lerly scalest will disperse normallyand te
ensemble and each individual realisation will resemble each other closely. Following these
considerations, dispersiatan bedivided into two distinct regime#\n initialregime where the
spread of the cloud idominated by the passing structurdsllowed by a Fickian regime, where

Eq.2.3-7 is constant and the variance of the cloud grows linearly. It will be shown below that
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the existence of these regimes is related to an equilibrium between turbulence and shear
dispersion, hene giving the name dcdidvective zon¢o the first regime, anaquilibrium zone
to the second onéRutherford,1994)

The previous description of turbulent diffusion implicitgquires homogeneityln reality, the
presence of boundaries and obstructidnemergen vegetation, creates aon-uniformmean
velocity profile, with lower velocities in the neighbourhood of solid boundaries, and high
conveyance regions away from therghear is defined byvelocity gradients, and particles
travelling along streamlines withifterent mean velocities wilhicrease their relative distance

with time.

Consider a particle moving along a streamline in shear flow. Due to molecular and turbulent
diffusion, sucha particle moveslaterally and experiencethe velocities at different piots in

the cross section. Similar tturbulent diffusion, dfferent streamline velocitiesnduces
increases in theelativedistance between particled-ischeset al, 1979) If a line source of dye
isinjected in a flow field with aon-uniform, time-averagedvelocity profile Figure2.3-2a), the
crosssectional variations of velocityill determine the shape of the clouigure2.3-2b) and

therefore the profile ofcrosssectionallyaveraged concentratiorF{gure2.3-2c)

(a) (b) (c)

< /
LINE ANE TED C
SOURCE SOURCE
u
VAV A A A eis
X X X

Figure2.3-2. Graphical representation of the dispersion of mass due to shear dispersion. a) laterally
constant Ine source of dye is injected into a flow field with a ceesgional velocity profile. b) shape of
the injected dye due to the effect of velocity gradients. c) esesional mean concentration profile of

dye. SourcéFischeeet al,, 1979)

If the crosssectional variations in timaveraged velocity are of comparable magnitude to
advectionvelocity (e.g. laminar pipe flowgare must be taken when applyirkeg.2.3-6, as
longer times are required to achieve Gaussian dispersiorthe case of laminar flow in a pipe,
(Taylor, 1953)eveloped a model for shear flodispersionunder the premise of a scale large
enough to smootlout lateral variations. To understand his analysis, let us take as a base the
general two dmensional ADE given Bg.2.3-4withw mandO O  O. Initially,time-

averagedconcentrationand velocity fields will have crosssectional variations, meanintpat
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terms Yand 6 can be expressed as a crass:tional average and a deviation therefrom, i.e.
Y d¥s Y andé G 6 . Also,advection is equal t@Yt , which means that all

variations multiplied by¥¥& in the resulting equation can be negledt The key assumption is
that enough time has passed so that the function is independent of time and space

(Rutherford, 1994)After ancillary reduction€q.2.3-8 is obtained.

S R T
Y —a O0——0 Eq.2.38
T, Tw
Where, represents the spatial coordinatd# the advection directionSolvind=qg.2.3-8 leads to
an expression for the mean mass transfer in the streamwise direction, which is, in simple words,
an analogous expression to the gradient flux relaship given irEq.2.3-1 but now for the
crosssectionally averagel concentration ¢ . If a mass balance of mean longitudinal

dispersionis done, a modified form ahe ADE is thus obtained

T s T s
—oa O —aa Eq.2.39
{0 f

WhereO , isa(virtual) sheardispersion coefficient expressing the proportionality between the
mean mass transfer in the streamwise direction, and the gradient of the averaged
concentration.t is obtained from the relatioh XY . If only laminar flow is considere®, will

be a function of the relative gradient and the molecular diffusion coefficient as follows

0 Y Y Quy Eq.2.310

Olo

P
o

Taylor (1954) extended this initial analysis, to turbulent flow in a pipe. Aftsimilar
developments, the gradient flux relationshias found to be analogoustiarbulent flows, with

'O now proportional to a turbulent velocity scale related to the mean turbulent shear, i.e.
Karméan shear velocity , and a length scale related tbe scale of the turbulent shear flow,

e.g. a channel depth or width in case of surface flow.
08 06 Eq.2.311

The derivation of shear dispersiois6 &SR 2y ¢l &f 2NRa& | AadzYLIWiA2y

gradients in the streamwise directionbeing much larger than small cross sectional
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concentration variations. This implies that afiafection, the longitudinal extent of thecloud

of dyeis larger thard . Thishappens when molecular or turbulent diffusion has@mpletely

spread the cloud in the crosectional directiorn(Fischeret al,, 1979) Before thisasymptotic

case the cloud of dye will dee2 LJ | Wil Af QX A®dSe aiSseySaa I a

will grow steadily until crossectional mixing and turbulent diffusion equilibrate each other
(Rutherford, 1994)Once this condition is reached, the tail will slowly disappear and the cloud

profile will resemble a Figan (hormal) diffusio profile.

The existing models for turbulent and shear dispersion are only valid after an equilibrium zone
has been reached hiszone is reached once thmlute cloud is considerably larger tlraand
hence unaffected by turbulent integral scales and crassctional velocity gradient§his is
manifested asa linear increase in the variance of the concentration profile, and a Fickian
behaviour in the limit of very large times since inject{ischer,1973) Conversely, the region
preceding this Fickian regime will be characterised by random dislocationsalbtiiecentroid

(due to turbulence scales), and a tail proportional to the shear in the @estsonal velocity
profile (due to boundarninduces shear). The effect of these regimes on the variance and

skewness (tail) is presentedkigure2.3-3.

advective equilibrium
zone 1X Zone

Variance

YVariance/Skewness

Skewness

Time / Distance

Figure2.3-3. Effect of the advective and equilibrium zones on the variance and skewness (tail) of a
concentration profile. Taken fro®hucksmith, Boxall and Guymer (2Q&0urceRutherford (1994, p.
182)

Considering a real flow with both turbulence and shear components, it is expected that the
equilibrium zoneis reached after a time scale proportional to the Lagrangian time scéle,
determined byTaylor(1922) This time scale alsoproportional to the ratiob ¥O (Fischer,
1967) However, of the handful of experiments and numerical simulations that have been
conducted to measure the time scale of the adtree zone, a lack of agreement in reported

results is foundShucksmith, Boxall and Guymer, 200q7pm the experimentsonducted by
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(Shucksmith, Boxall and Guymer, 2Q@@ine initial assessmengse providedHrst, the length

of the advective zone seems to increase with discharge; second, the channelhagitio
bearing on the length of the advective zone. Lastly, the lessimator ofthe advective length
isthe skewness of the concentration profile, specifically the peak value indicating the transition
to the equilibrium zoneFurther, experiments conducted in rive@nd laboratory channels
report increasedn the advective zone length due gnuosityand crosssectioral variations

(Guymer, 1998; Boxall and Guym&g07)

2.4. Mixing in Vegetated éWs

This section recapitulateprevious concepts, in the context ahixing within emergent
vegetation. © avoid confusionthe terms diffusion, dispersion and mixing are distinctly
defined. Diffusionrefers to processes that causisotropic spreading of asolute Dispersion
defines processes that lump the effects of flow and boundary conditiaiosg each direction
independently For instancemechanical dispersion, is the result of obstructions and flow path
tortuosity imposedby stems and causepredominantly lateral dispersionMixing will be
defined as the aggregate effect of processes that contribute to the spread of a substance as a
whole (Fischeet al.,, 1979)

Mixing in vegetation is the result of several interacting processeking any distinction
unmanageableNonetheless, experimental evidensiggestghat vegetated mixing can be
divided into the following main processes: turbulent diffusion, mechanicapeusion,
differential advection and trapping,aeh with a rangeof associated subrocesses. The
existence of differentmixing scalesalong stem wakesinduces non-uniform turbulence
production, shedding frequency and energy dissipation. In other worddyukence in
vegetated flow isanisotropic and heterogeneous, therefore, a localised difference in
turbulence diffusion is expected. Differential advection encompasses dispersion caused by
shear(Shucksmith, Boxall and Guymer, 2007; Sonnenetkl., 2017)and stem shear from
acceleration and trappingones(White and Nepf, 2003; Nepf, 2004; Serra, Fernando and
Rodriguez, 2004)Trapping is associated with the existence of recirculation cells, boundary
layers and dead zones, whj after temporarily capturing masselease it at a lower ratdhan

the mean flow and therefore contribute to the spreading of the concentration pr{iter and

Young, 1983; Young and Jones, 1991; Sonnenwald, Stovin and Guymer, 2019a)

Although the physics behind eachixingcomponentare not entirelyunderstood, previous

studies have shed some light into the relatioisivetween vegetated hydrodynamics and
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mixing in emergent vegetation. The following sections present the most important results
regarding the hydrodynamics of vegetated flows, and their influence on @hgpatation of

mixing parameters

2.4.1. Hydrodynamics of \¢etated Flows

The relevant results, to date, on the study of vegetation hydrodynamics are presented in this
section. Shallow open channel flow can be considered as a vertically varyiutyntensional
flow (Jirka and Uijttewaal, 2004and the difference between a vegetated channel and & non
vegetated one lies in the relativdifference between bed effects and stem turbulence
production. Turbulence intensity increases with vegetation dengMepf, Mugnier and
Zavistoski, 1997; Ricardo, Franca and Ferreira, 28d6yertical fluxes of momentum increase
with stems, although tb magnitudes of the transfeare still negligiblgRicardo, Franca and
Ferreira, 2016)These two effectsmeanthat the vertical profile of mean velocityy & , will
becomeconstant,away from the reduced bed boutary layer(Nepf, Sullivan and Zavitoski,
1997) Therefore, mean vertical shea®(¥Q & 1) is negligible within emergent vegetation.
The most prominent results of the stydf vegetated hydrodynamics are given in the same

order as the concepts were presented in sect®f for consistency.

2.4.1.1Mean quantities in vegetated flows

Vegetaed flows present a strong horizontal heterogeneity which leads to differential
advection. The term differential advection refers to the long term spatial variations of the
velocity field, i.e. heterogeneities in the mean velocity maps. These variatiogsamected to

the appearance of recirculation areas and therefore of trapping z@esr and Young, 1983)
The spatial extent of thee heterogeneites will consequently be proportional to the rate of
spread of the concentration profile of a soluf€aylor, 1953)Mixing is proportional to both
differential advection and mean shear, which afeoproportional to one anothe(Rutherford,
1994) Fgure 2.4-1 shows two examples of flow heterogeneities related to differential
advection in vegetated flows, the velocitfefect behind stems is compensated by local

acceleration zones between stems.
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Figure 2.4-1 Flow visualization of differential advection. a) map of mean longitudinal velocity using
Surface PIYCorredorGarcia et al., 2020)) timeaveraged longitudinal velocity map for a section of
flow at middepth, using conventional P(Ricardo, 2014)Black arrowséndicate the direction of flow.

Several studies have quantified the vertical variation of the mean flow features. For artificial
emergent vegetation(Nepf, Mugnier and Zavistoski, 99 measured theelationship between

"Y, & anddistance downstream from the steriihese measurementsiere complemented by
Ricardo, Franca and Ferreif@016) and (Ricardo, 2014)Yor the doubleaveraged(DA)
guantities The effect of the reirculation zone can be seen Kigure2.4-2c for the points
marked with symbols Figure2.4-2a shows éDAplot of *Y & , wherethe effect of the bed
boundary layer iseen to beconfined to a lower veital extent for vegetated flowthan for

open channelsThe profilesare vertically constant for theegion dominated by stems. In the
case of mean vertical velocity & , shown inFigure2.4-2b, the profile with the increase close

to the bed reflects a low density configuration; for closely packed stems, the energy of the
mean velocity is quickly transferred to turbulent motions atiéd vertical component of
velocity is quickly damped, as shown for the other plots with a relatively flat distribution of
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Figure2.4-2 Vertical profiles of mean velocities for artificial vegetatiandouble averaged (time and
area) longitudinal velocity as a function of vegetation den@igardo, Franca and Ferreig)16) b)
doubleaveraged (time and area) profile of vertical velocity as a function of vegetation déRgitydo,
Frarca and Ferreira, 2016%) Vertical profiles of mean longitudinal velocity as a functioroahalised
distance downstreants  o¥Q ( )0.5( )3,( )11,( )26,(Y)34,(0) 42 (Nepf, Mugnier and
Zavistoski, 1997)
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Care must be exercised when interpreting results from artificial vegetg@anFigure2.4-2),

as real vegetatiorhas a richer morphology and thaslditional sources of resistancEigure
2.4-3 shows vertical profiles of mean longitudinal velodity real vegetation, specifically for
winter Typhaat several points within the same arradyigure2.4-3a; West, 2016, salt marsh
vegetation with vertical variation in frontdhcing area per unit volume, and therefore drag
(Figure2.4-3b; Lightbody and Nepf, 200&)nd Carexand Reeds, for different growing stages
(Figure2.4-3c; Shucksmith, Boxall and Guymer, 201@) a first glance, all profiles shown in
Figure2.4-3 show a considerably larger spread than the profiles showkigare2.4-2a; these
variations imply a larger resistance compared with artificial vegetation and a different

turbulence regime.

Figure2.4-3a andFigure2.4-3b showthat, although there is a large spread between the velocity
profiles taken at different points, the general shape of the velocity curve is similar. This
reinforces the idea of emergent vegetation being vertically uniform, and therefore, able to be

modelled using a 2D approximation.
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Figure2.4-3 Vertical profiles of mean longitudinal velocity a) profiles of U(z) and ensemble average for
different stemgWest, 2016}) vertical variation in mean longitudinal velocity as a function of vertical
variation in frontaffacing area(Lightbody and Nepf, 2006b) vertical variation in mean longitudinal
velocity as a function of age, increase dfistance with ag€¢Shucksmith, Boxall and Guymer, 2010)
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Artificial vegetations usuallyrepresented asrrays of cylinders with a single diameter, which
clearly unifies the response with respect to recirculation zone @eite and Nepf, 2003)

wake width and shape of the velocity profile. It should be noted that variations in season, age
and local density (i.e. clustering) generate a distribution of stems of different diameters
(Sonnenwaldet al,, 2017)which can explain the variance in the ensemble average of profiles
shown (e.g. Figure2.4-3a). This variation in stem diameter, whickdefinesthe dominant

f Syaidgk aolrtsS 2F GKS @S3aSdlrdiArz2y KlFraz G2 GKS

2.4.1.2Turbulence and coherent structuresviegetated flows

Turbulence is generated primarily at the stem scale, due to wake effects, which overshadow
turbulent effects from the bedNepf, 1999)Forcylinders as a proxy festems, a clear increase

in turbulence productionguantified as turbulenintensities6 ,0 , with respect to vegetation
density, has been consistently registered ie therature (Nepf, Mugnier and Zavisski, 1997;
Nepf, 1999; Ricardo, Franca and Ferreira, 208igure2.4-4 shows a subset of experimental
normalised turbulence intensities for the longitudindtiqure 2.4-4a) and vertical Kigure

2.4-4b) components of velocity; and vertical turbulence stres§éguie2.4-4c).

0.0 0.1 0.2 0.3 -0.02 0.00 0.02 0.04

(b) W™ /U*(-) (c) () JU(-)

Figure2.4-4 Vertical profiles of turbulence production a) turbulence intensity of the longitudinal
component of velocity. b) turbulenceeénsity of the vertical component of velocity and c) space
averaged Reynolds stresses between the longitudinal and vertical directions (Ramaao, Franca and
Ferreira, 2016)

The changes in magnitude for the profiles showikigure2.4-4 correspond to different local

stem densities $arser distributions tend to show the highest magnitudes, attie profile
shapes arapproximately constant. This means that a singular type of turbulence production
regimeisobtained for different local stem densities, and profiles only scale depending on mean
distance between stems. However, these conclusions cannot be extrapolated to the case of

varying distributions of diameteFigure2.4-4c shows that vertical momentum transfedue to

turbulence are confined to the bedd 6 11, for mosta.
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Mean flow heterogeneities are quantified via spatial and double averafjsnmeworks
(Raupach and Shaw, 1982; Finnigan, 2000; Nikoral, 2007, 2013) and the effects of
differential advection are transformed into virtual stresses in the same way that temporal
fluctuations are transformed into turbulent stresseshe Reynolds decomposition. These new
virtual stresses are associated with spatial fluxes of muoma and mass due to flow
heterogeneities, or differential advection, and are named famtluced stresse¢Giménez

Curto and Corniero Lera, 1996)

Few studies have quantified the extent of formduced stress in emergenegetation. They
reveal that the fluxes of momentum always increase when compared tocvegetated
conditions. Ricardo, Franca and Ferrei(@016) measured form-induced stresses for a
configuration with local changes in stem density. It was shown that vertical diffusion of vertical
momentum is concentrated near the bedrigure 2.4-5b), similar to vertical diffusion of
longitudinal momentum Figure2.4-5¢) due to flow heterogeneities. Conversely, the diffun
of longitudinal momentum due to differential advectionviertically constantDifferent local
densities generate different profiles in terms of shape and magnitsidggesting thatvenfor
singlediameter arraysthe advection regime changes duettansport effects of large scale
motions (Ricardo, Franca and Ferreira, 2Q16)consequence of this is that a wider rangfe
flow scales can result from stem interactions, which would tend to expand for arraysovith

uniform stemdiameter distributions.
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Figure2.4-5 Vertical profiles of dispersive fluxes due to spatial tuegeneity a) forrinduced stresses in
the longitudinal component of velocity. b) foinduced stresses of the vertical component of velocity
and c) Spatial fluxes in the vertical plane due to flow heterogeneity between the longitudinal and
vertical componats of velocity (sourcRicardo, Franca and Ferreira, 2016)

Doubleaveraged Reynolds stressgspend onthe local averages of the stem density This
local adjustmensuggests thaturbulent stresses are independent of changes in stem density
or solid volume fraction, i.€Q 6¥Q wForm-induced stresses were tiod to always increase for

non-constant distributions of stems$.e.’Q ifQ w 1 This reveals that flow structures are not
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broken down immediately afteiormation, regardless of local vegetation density downstream
(Ricardo, 2014; Ricardo, Franca and Ferreira, 20b&se changes spatial fluxesare caused
by the additional turbulence conditions caused by wake interacti@ssopposed to when
stem is isolatd (Raupach, 1992; Sumner, 2010; Zhou and Mahbub Alam,.2016)

Another important component in the description eégetated turbulencés the generation and
evolution of vortex motion.Knowing thatbackground turbilence, shear and differential
advection can affect the already complex vorticity regime of a cylifldiga, Tamura and Arie,
1980; Williamson, 1996akxperimental studies can help elucidate the dependency of the
vortex motions orvegetation morphologyStoesser, Kim and Diplé10)conducted a series

of numerical expéments using Large Eddy Simulatiandfound that the shedding regime of
the cylinders was still largely twdimensional despite the mterference of upstream effects.
However regular arrays were modelledvhich limits the extensibility of the results tandom
arrays Figure2.4-6 shows two instantaneoustreamline mapsfrom a PIV (Particle Image
Velocimetry) visualization of the velocity fieldijthin random cylinderarray (Ricardo, 2014;
Ricardo, Sanches and Ferreira, 20T6E streamlines show that the scales of vortices detached
are influenced by background turbulencAlso, that depending on the modulatioof the

background turbulence, the vorticity of the shed vortices can either be increased or decreased,

in the latter case meaning that the life span of vortices will be shqRécard, Sanches and
Ferreira, 2016)
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Figure2.4-6 Instantaneous maps of stream lines indicating the change with time of the modes of
rotation (Ricardo, Sanches and Ferreira, 2016)

The life span of vortices is determined by their coherermeg energy input.Although
background turbulence can effectively increase the shedding rate of vortices by precipitating a
laminarturbulent transiton in the recirculation zongRoshko, 1954)his does not guarantee

by AYyONBL&S 2F RAFTFdAA2Y RdzS (2 O2NLIAOAGE Fd
that, since shed vortices are stitle main carriers of turbulent kinetic energRicardo, Kolket

al,, 2014) a localised increase in diffusion will occur when a vortex encounters a stem
downstream, and the spread of matter owing to this mechanism can be quantitatively more

significant than the customary definition of mechanical dispersion.
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2.4.1.3Energy consideratiann vegetated flows

Much of theenergyconsiderations of turbulence due to rigabstructionshas been done in
the study of atmosphericcanopy flow(Raupach and Shaw, 1982; Raupach, Antonia and
Rajagopalan, 1991; Finnigan, 2Q0®jthough the scale of the problem is different, the
principles of energy transfer across different scales remains the g@&aapach, Finnigan and
Brunet, 1996presents a turbulent kinetic energy (TKE) budget, from an early application of the
double averaging methodology

T_‘?) O 0 0 Y Y &6 1 Eq.2.41
The terms being summed arffom left to right:0 , shear productiond , wake productionp ,
buoyant production?Y, turbulent transport;"Y, pressure transport; and ¢ dissipation. Of all
these terms, only) has been related to the production of energy at the stem scalés
neglected because it is linked to the shear layer developed above the canopy layer, a case
excluded from emergent vegetation. Netheless turbulent transport and shear production
are still expected to be present in some form within vegetative fl®aupach, Finnigan and
Brunet, 1996)

The assumption of steady flow implidfsat energy transfer and therefore dissipation do not
change with time (Raupach, Antonia and Rajagopalan, 199Ihe empirical relations
underpinningEq.2.4-1, were derived from velocity measurements within and above terrestrial
canopies(Raupach, Antonia and Rajagopalan, 1991; Kaimal and Finnigan, 1994; Raupach,
Finnigan and Brunet, 1996} is possible teextrapolate the conclusions from thestudies to
casesof flow through emergent (and submerged) riparian vegetatigigure2.4-7 shows the
vertical variation of the components &fq.2.4-1, for atmospheric fow. Within the vegetation
0T'Q p, wake production is a dominant production term, alongside turbulent transport. For
vegetaed flows, a similariy existsbetween the vertical dispersive flux measureygl(Ricardo,
Franca and Ferreira, 2018hown inFigure2.4-5c; andthat measured in canopy flovisigure
2.4-7, In both cases, the objective of turbulent transport seems to connectdmterated and

stem-scale turbulence production.
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Figure2.4-7. Vertical variation of the energy budget constituents, fregtocity measurements in
canopy flow. Sourckaimal and Finniga(1994)

Nepf (1999) presented a model for isotropic turbulent diffusiobased onthe equilibrium
between turbulenceproductiondue to stem drag, and direct viscous dissipation. However, for
low and moderate Reynolds numbdPéQ ¢ m)jwiscous drag will also dissiga portion of
energy at the stem level, without the transition to turbulen¢ikora, 2000) At higher
Reynolds numbers thisgeilibrium is still undetermined, sinceghe universal equilibrium
assumed byNepf (1999) depends orKolmogorov(1941a)assumption of local isotropy and
homogeneity; conditions thaire unconfirmedor vegetated flowsEnergy schemes likeigure
2.47 tend to corroborate (Ferreira, Ricardo and Franca, 20G@&sertionthat turbulent
transport (dispersive fluxes) are of a similar order of magnitiodeake production, and are in

consequence not negligible.

From Strouhal number;Y, measurements in stenwakes, turbulent kinetic energyis
concentrated in the vortex stregRaupach, Finnigan and Brunet, 1996; Ricardo, ®ared

Ferreira, 2016)as peaks are always found close to the end of the recirculation region. The
downstreamevolution of this spectral behaviour canform vorticity dissipation along the

wake, and therefore, the amount of energy that is transfertecthe generation of smaller
structures or direct viscous dissipatidinese effects have not,tothe &uK 2 NDa 1y 2¢6f SR3
explored, further results of the energy spectra from velocity statistics along the wake are

needed.
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2.4.1.4Drag and shear in vegetatdadviis

Most measurements of drag coefficients are basedaolargescale momentum balance on
canopy flow.Thisequilibriumincludes:ithe effect of gravity, viscous stressesspersivefluxes,
and mean dradprce(Raupach and Thom, 1981; Finnigan,®0Depending on thé’Q regime,

different terms will be dominant.

The drag coefficien® , is mainly dependent oi¥Q . Tanino and Nepf2008a)developed a
model for the individual and array drag as a function of Eemomentum equationand the
effect of stem spacinglhe dependency ad on'YQ, for artificial vegetatioris reproduced in
Figure2.4-8a. For comparisorkigure2.4-8b shows nordimensional bulk force drag per unit
leaf area, as a function of velocity, for different speciesrmergent riparian vegetatiofAberle
and Jarvelda, 2013Ruantifying bulk drag using particular features of the natural vegetation,
such as leaf and plant area, has proven succegsgdtimate/modelflow resistance models in
fluvial sysems (Jalonen and Jarveld, 2014jpwever, this bulk characterisation for natural
vegetation, thoughuseful for large scale systemgrovides no insight into smadicale
processes. This limits the scalability and reproducibility of results, suchiffexedt relations

must be derived for seasonal variations, different growing patterns, etc.
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Figure2.4-8 a) Results of experimental investigations on the dependency on solid volume fraction (stem
density) of the array drag coefficient for artificial emergent vegetafitemino and\Nepf, 2008a)
b) Experimental results for the drag force (per unit leaf area) as a function of velocity, for different
natural specie¢Aberle and Jarvel2013)

Evidently, the variation afon-dimensionaldrag with Reynolds number scales in a sinvilay.
This indicates that a general expression drag is scalabléor different vegetation species.

Indeed, following experimental datasets and models depetl byTanino and Nep20083;
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Ferreira, Ricardo and Fran(2009; Tinoco and CowdA013; A.M. Ricardet al. (2014) for
the quantification of array drag coefficien§onnenwald, Stovin and Guymer (201Bizjuded
the effect of direct viscous dissipation as a linear dependency on solid volume fractiamd
obtained the expression fob following a reparameterisation ofErgun (1952)initial

expression

6 ¢ %c PR o ™ Eq.2.42
The results shown iRigure2.4-8a, were obtained from a series of experiments with solid
volume fractionsy , between 0 and 0.4; andQ, between 1 and 700, conducted Byanino

and Nepf, 2008a)Although an inverse proportionality is foubdtweend and'YQ, the actual

drag force per unit vertical lengthO, is expected to increaswith the same parameter.
Increases irr will induce increments in bothO and 6 ; this proportionality (0 © ¢ ) is
expected to change &YfQ p 1 Taccording taNepf(1999) Todate, Tanino and Nepf008a)

study presents the most relevant characterisation of drag for random gerer artificial
vegetation Their model neglects stresses appearing in bANSequation and reduces the
force balance to an equilibrium between hydrostatic pressure and drag force. As indicated by
Ferreira, Ricardo and Franca (2009); A. M. Ricatdal. (2014); and Ricardo (2014and
suggestedin Figure 2.4-7), formrinduced stresses are nadlways negligble in random
vegetation standispersive fluxes and other momentugenerating variablesan be relevant

in some cases.hEsestudies also foundlrag forceto be independent oktem arrangement,
althoughW LJI (i O ids yoSndl t Qave an effect dah , i.e. localised values of drag induced

by longitudinal variation in solid volume fractioFhe distribution of drag at the stem scale, and

the effects of stem layout on flow resiice need to be explored further.

2.4.2. Solute Transport in Vegetated Flows

Current understandingf mixing inemergentvegetation describes dispersidn be direction
dependent.The ADE then considette three main components of flo® , O andO . Sine
all flows are herein analysed under the 2D hypothesis (see Se2tibd), all solutes are
considered to be vertically well mixedflow descriptionsTheADE ca befully describe using

a 2D framework

Mixing also depends orgeometry and morphology, which are the physical parameters

(boundary conditionsdf the vegetation These parameteraffectmixing through stem wakes,
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boundary layes and their interaction wth the mean flow(Nepf, 1999) In consequence, each
dispersion/diffusioncoefficient is related to a set of hydrodynamic processes. Below is a

discussion of the features of each particular cament of mixing.

Molecular diffusion’O, describes the effect of mixing of a solutesiiaticaqueous media. For
fluid flow, 'O is several orders of magnitude smaller than other process and is therefore

negligible.
2.4.2.1Turbulent diffusion

Even folow Reynolds numbers§¥Q2 1 ¢ a transition and boundary layer separatioccurs
at the bed, whichinteractswith the mean flow and generate velocity fluctuations tlekitfuse

massmore efficienty than molecular diffusion.

For larger Reynolds numberturbulence is generated at the stem wake scdiellowing

t N} YRGE QA YAEAYy3I fSy3aidK |ylt23é8x RAFTFd&AAODS
2T ( dzNDTde Sgfddtridtic Lammgian length scale of turbulends usually Q for
vegetaed flows(Nepf, Sullivan and Zavitoski, 1997jegratingY 2 f Y 2 J3/phibhe3dwith

the mixing length analogyNepf(1999) arrived at the following expression for the non

dimensional turbulent diffusion

;OVQG 6 ot '{'_Y Eq.2.43
Measurements of ensemble concentration profiles showed that the slemeter(Q) can be
considered as relevant mixing scal@Nepf, Mugnier and Zavistoski, 1997; Nepf and Vivoni,
2000) Asshownin Sction2.4.1, array drag and background turbulenc@ninduce a variation

in sheddingrequency ancconsequentlylength scale Moreover, if @ array with varying stem
diameters is used to describe theatmral variations in vegetation condition and age
(Shucksmith, Boxall and Guymer, 2010; Sonnenetaid, 2017) the assumption of a unique
length scale and the validityf dhe mixing length analoggome into questionEvenwhen
consideringsinglediameterarrays the assumption of a mixgnlength equal to stem diameter
depends on spacing as stem interactions can change the size and frequency of shed vortices

(Sumner, 2010)

The sole contribution from drag to turbulent diffusion, as presenteBar2.4-3, results from
an equilibrium between turbulencgoroduction (from stem wake¥} and dissipation.Thisis

equivalent to reducinggq. 2.4-1 to the expression) &0 According to(Tennekes and
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Lumley, 1972)the term & GscalesasGaD 6 #/b, whered and /b are relevant turbulent

velocity and length scales respectively. BHtpf(1999)and(Tanino and Nepf, 2008bdpnsider

the velocity scal@é to be representedby the mean turbulent kinetic energiQ However, it

should be noted that the relatiotr 6D 6 was proposed biraylor(1935) and was conceived

dzy RSNJ G KS O2yRAGAZ2Y 2F A&a20NRBLAO (dz2NDdz Sy OST

proven for vegetagd flow.

2.4.2.2L ongitudinaDispersion,

This section will treat the coefficients that characterise the entirety of Longitudinal Dispersion,
as described byVhite and Nepf2003) and shown inEq.2.4-4. It should be noted that the
linear superposition of the terms given iBq. 2.4-4 presumes independence between
underlying physial mechanisms. The decomposition presentedEm 2.4-4 is empirically

based, and a rigorous derivation from first principles is still required.

O O O 0Oy 0Oy Oy © Eq.2.44

Where

'O: Molecular Diffusion

O : Turbulent Diffusion

'O j : Vortex trapping Dispersion

'O : Secondary wake Dispersion

'O j, : Dispersiorcaused byadvectiveaccelerationn the gapsbetween stems
'O : Dispersion caused by trapping in Laminar Boundary Layers.

The termO |, represents the increase in velocity between stetbscompensatefor the
decrease of mean velocity behind stems. Velocity fluctuationgese regions arassumed

small compared to those in the actual wakesnderingO j; negligible(White and Nepf, 2003)

ThetemO O2NNBalLRyRa& (2 W. 2dzy R NBE [Koch &rdIBrady & LIS NE
(1985) which makes reference to the dispersion generated by mass being trapped in the
boundary layers of solid surfaces. Both the small spatial extent of stem boundary layers and the

large time scales of trapping make this term neglig{inite and Nepf, 2003)

We are left with the following terms defining Longitudinal dispersion.
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0O O O ©Ofp 0Oy Eq.2.45
The following discussion will focus on obtaining each ofdihectionalcomponents ofO .

2.4.2.3Vortex trapping Dispersiof,;

Vortex trapping dispersion refers to the variance in the concentration distribution indioged
the alternation trapping and releas# massrom primary wakegcf. recirculation region)The
contribution from’O ; depends on two factors) the number of times a patrticle is trapped
within a primary wake and) the time each particle remains within theene Overall,O , is

directly proportional to bothThis can be expressed by the expression

Of®f 7Y 1T Eq.2.46

The rationale behindeq.2.4-6 is that the probability of trapping is equal to the proportion of
the flow field occupied by primary wakés, . Also, the mean residence#pping time,1[ is
inversely proportional to’Q the shedding frequency, which can be expressed in-non

dimensional terms as the Strouhal numbéf, yielding

EQ.2.47

The Strouhal numbery, is defined as the ratio 6©2and the product of relevant length and
velocity scales, that is}Yo "QFY ‘Q(Tennekes and Lugy, 1972) Applying this tdEq.2.4-7
the following expression for the vortex trapping dispersion is obtained

T YQ
YO

OF © Eq.2.48

2.4.2.4Secondary wake Dispersiggry

White and Nepf (2003)erived the general expressigiven inEq.2.4-9 from the added effect

of turbulencemotionsand reduced mean velocity behind stems (outside of the primary wake).

O ¢ I == YQ Eq.2.49
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Where the term ,” is the nondimensional variance ofsecondary wake velocity
. , XY:i%isthe mean separation of stems in the longitudinal direction divided by the
stem diameteri® {7Qand"Yo is the turbulent Schmidt number which defines the ratio
between eddy/turbulent viscosity and turbulent diffusiofiYo ' ¥O. A discussion on the

derivation ofEq.2.4-9is given irChapter 3

2.4.2.5Rdevant results

Longitudinal dispersion is proportional to shear velocity (Nepf et al, 1997a; Elder 1959), which

can be vertical(i.e. caused by bed effect@nd horizontal due to differential advection.
(Lightbody and Bpf, 2006; Lightbody and Nepf, 20(@ksented an equation for the vertical
profile of longitudinal velocity as a function of the vertical variation in canopy eepegsented
asd wq , (seeFigure2.4-3b). The modelvas based oMauri and Habe(1986) solution to
the triple integral given byischeret al. (1979) (seeEq.2.3-10). Vertical changes in frontal
facing area¢ & , and the gradienf) "YQ gwere seen to generate higher shear, and therefore

higher vertical dispersian

Figure2.4-3 showsnatural vegetatiorto have aconsistent vertical velocity profile and hence
shear. From this it can be concluded that variationthanhorizontal distribution of stems do
y20 FFFSOG OSNIAOIT aKSI NEO aeffickit.By HFepliayl a
vertical effects intoO, emergent vegetation can be reliably modelled as a 2D system
(Lightbody and Nepf, 2006)

Huanget al.(2008)studied mixing in emergent Everglade, using tracer particle injes(ionm

latex microspheres), for different types of salt marsh vegetatmo different vegeation
densities The experimental results were compared with estimations usightbody and Nepf
(2006)model, assuming a linedY & , and the wake zone formulation presentedWhite and

Nepf (2003) and Nepf (2004) A relatively constant value @& with depth was registered;
which supports the assumption of vegetated flows as 2D systems. However, the modelled
longitudinal dispersion coefficien@ , was found in some cases almost an order of magnitude
smallerthan the actual measurement. This difference was attributed to flow heterogeneity
caused by plant morphology, and the existence of physical procesametported in the

current artificial vegetation models

Shucksmith, Boxall and Guyn{2010)studied the effec$ of growth (in controlled conditions)
and age of natural emergent vegetation on flow resistance, turbulence and longitudinal

dispersion. Shear vatity was found to be déctly, andO inversely proportional toplantage
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The species used in this study wdraragmites australitReeds), an€arex and it was found

that the former, being more rigid and le$8afyQpresentedasmaller variation of the transverse
flow profile, and higher longitudinal dispersion than the latter, which wlasser and more
flexible.Agewasalsofound to be inversely proportional t® for ReedsNo trend was found

for Carex Turbulence production was found to increase in the transverse direction, and
decrease in the vertical one, as previously fountNbpf, Sullivamnd Zavitoskil997)andNepf
(1999) which is a consequence of turbulence being mainly produced at the stem wakes rather

than at the channel be@lLeonard and Luther, 1995)

Sheariscommonlyassociated with the formation of vortices; massd momentum trarsport;

and the shape and magnitude of théd profile; onlyin theexchange zone between vegetated
and nonvegetated zonegGhisalberti and Nepf, 2004, 2009; White, 2006; Netpdl., 2007;
Nepf, 2012) However, it is important to note that differential advectiorgpresented as
secondary wakeO , and gap, O, dispersionis also connected to the appearance of
horizontal velocity sheaA clear need for experimental results of differential advection exists,

which could clarify the role of shear and gap decaion on dispersion.

Previous measurements @ in artificial vegetation and natural species, as a function of
vegetation densitys , were compiled bySonnenwalcet al. (2017)and reproducedin Figure

2.4-9. For artificiavegetation(AV), a dependence of normalis€d on vegetation density()
cannot be identified. Following the argument presentedSannenwaldet al. (2017) it is
possible that is not a robusiparameter to characterise vegetation morphologwo arrays

with the same density can have radically different distributions of stem spacing and diameters,

and hence distinct flow field configurations leading to different regimes of solute transport.
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Figure2.4-9 Comprison between the results of physical models given in the literature, for the
computation of: a) vortex trapping, and b) secondary wake dispersion components, of the longitudinal
dispersion coefficier®d . SourceSonnenwald et al. (2017)

In general, the presence of stems redu@@s when compared to nowegetatedconditions,

and increasing causes a consistent decrease in streamwise dispersionstEps tothis
conclusion can be summarised as follows: stems increase turbulence at the stem scale, and
overshadowbed-generated turbulencethis makes thevertical, meanvelocity more uniform
(seeFigure2.4-4). Also, higher turbulence along stem axes better distributesssvertically,
which,alongsidea decreased vertical velocitiyadient diminish the effect of vertical shear and
therefore its contribution toO . Increasing vegetation density will diminish vertical shear

effects and ultimately decrease longitudinal dispersion.

2.4.2.6Transverse Dispersigh

Transverse dispersiom emergent vegetation was initiallproposed byNepf (1999)to be
dependent on turbulent diffusionrepresented as turbulent kinetic energfEq. 2.4-3).
Experiments showethat turbulent diffusion on its own could not account fareasurements
of O . To complement the effect of transverse spreadiNgpf(1999)introduced mechanical

dispersion as thaggregate otontributions from obstructions and path tortuosity. Fistem
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array, the number of collisionshat a batch of particles undergoes will tend to a normal
distribution due to the central linhtheorem(Nepf, Mugnier and Zavistoski, 199T)e variance
of a solute cloudvill increase linearly witklistance traversed downstam.Following a random
walk approach to describe dispersion due to mechanical eff€rtsyas initially defined as.

o o T n'Q Eq.2.4-10

Ya Yo ¢ a4z
O is defined as irEq.2.4-3. The second term on th&kRHSof Eq.2.4-10 is the mechanical
dispersion coefficienyhere! is aproportionality constant of the first orderepresenting the
fraction of the stem diameter(® each patrticle is moved laterally when colliding with a stem,

and @ (s anproxyfor the solid volume fractiom .

Serra, Fernamal and Rodrigue2004)studied’©O for a random stand of emergent artificial
vegetation Q pcm), at low Reynolds numberp T 'YQ p mtandmoderate to high
vegetation densitiess( T Ty vand @ Y. Concentration measurements/ere obtained
viaLaser Induced Fluorescence. Dispersion coefficients were calculated from a Gaussian best
fit procedure of tansverse concentration profile®. results were found to depend ¢t , and

the ratio of mean stem spacing to stem diameter.

The results confirmed thal for a vegetated reach is a functionainly of 'YQ (see Section
2.4.1.4. For low Reynolds number¥® p m)O decreases with increasinyQ, until a
thresholdat'YQ p m,nhered plateaus.Serra, Fernando and Radguez(2004)connected
this variation of 6 , with the change from a viscous to an inertial flow regimdso,
measurements 0® were consistently higher thapredictions fromEq.2.4-10, suggesting that
this model tends to underestimate transverse dispersibtowever, the model proposed in
Serra, Fernando and Rodrigu@b04)was not assessed for predictiyerformance, so, its

physical validityequires further analysis

Buildingon these shortcomingsTanino and Nepf2008b)developed a model for transverse

dispersion considering the following conditions:

The fraction of eirbulent diffusionthat contributes tolateral dispersion is assumed to bee
length scales bigger thastem diameter)Q These scales can exist only within patches of fluid
larger than 'QQ whose occurrence depends dhe variation of prosity (i.e.p ) and the
average of turbulence intensity occurringtimese areasThe expression fd@ then has the

form
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0 : Eq.2.411

Where

— : is the spatial average of the turbulence intensity, conditioned to the zones where the

turbulent length scaled  Q

z

. is the normalised area around each cylinder containing length scales according to the

previous condition.

- 0 : 1 is the fraction of cylinders with a nearest neighbour further thanwhich is the

centreto-centre distance necessary to allow relevant length scales.
[ : proportionality constant
1 * : minimum distance between cylinders to allow turbuleiiffusion. Imposed”* ¢Q

Mechanical dispersion depends on the interactions of clogkinders and thie degree of
Wacking2(Tanino and Nepf, 2008b, 200@3veloped an expression farechanical dispersion,
from a model for dispesion due to velocity heterogeneitiga Stokes flow, throgh fibrous
cylindrical elementgKoch and Brady, 19867 net increase in mechanical dispersion is
expected froninteractions between pairs of adjacent sterdshigher probability of mechanical
dispersion is attributed t@loserstems, and higherresistance to flowThe latter is defineds

the inverse of thesegetation permeabilityThe equation for mechanical dispersion then takes

the form.
~ ; 7 .
_?*j C o Q "~ p Eq.2.412
YQ T Tw .
Where
0 . is the probability of finding a stem within 5 diameters from each stem. d@e

threshold is defined as the maximum distance necessary to have wake interaction effects

(Zhang and Zho001)and mechanical dispersion.

"Q: is the permeability of the array
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¥
_— — —: this factor represets the mean form drag as given in the initial model of

(Koch and Brady, 1986)

Formm < 1@t ¢ transverse dispersionQ() is proportional to’Q but decreases with
increasing stentedgeto-edge spacing. &1 increasing , transverse dispersion is expected to
increasegapidly. Formr@t o « T®&, an increase in flowath tortuosity due to a reduced stem
spacing entails a decreaséln. An increase in vegetation density will damp turbulence effects,
and mechanical dispersiowill increasingly become the main source of transverse dispersion.
This last conclusion seemalidatedby a reported increase i@ , fore 1@, which is the
result of an increase in mechanical dispersion alfremino and Nepf, 2008bjlue mainly to

flow path tortuosity.

Figure2.4-10shows tle variation ofnon-dimensionalO and itsmain componentsturbulence

and flow heterogeneity, as a function thfe surrogate density valugfti & , used to illustrate

the reduction of pore space with increasing Asmentionedabove, an initial steecrease in

'O occurs as a function of steinduced turbulence Increasing the density further actually
limits the number of spaces where large turbulent scales can exist, therdfmmjlence
induced diffusion decreaseBinally, as turbulence is dampened to the point of not contributing

to large scale transverse dispersion (turbulence will still play a role in smoothing concentration
profiles,due to smaklscale mixiny both mean flow heterogeneity and mechanical dispers

dominate, which explains the last, more gradual, increase in normalised dispersion.

\_ - Dispersion due to the
- ; spatially heterogeneous velocity field

()II, '\'\,‘»/ Turbulent diffusion
~,

~

0 2 4 6
d <-"n >_4

Figure2.4-10. Components of Transverse Dispersion as a function of solid volume fraction, for turbulent
flows, wheren dispersion is expected to be independent of Reynolds number. Fapdcash line
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represent the contribution from turbulent dispersion arising from wake transitions and the dashed line
represents the contribution from spatial heterogeneity. The sol@dnd circles represent the complete
model and the experimental results respectively. So{ifaaino and Nepf, 2008b)

From experimental resultsTanino and Nepf2008b)also assert that the variation afon
dimensionalO with « is independent ofYQ . This findinguggests that thenodel for Stokes

flow (Koch and Brady, 198&)an still be useful to calculate dispersion in turbulent shear flows
(see Eqg. 2.4-12). Whether this independence of dispersion on flow regime is valid (more
experimental evidence is needed), it does reflect a need to characterise shear flow and its

variation in emergent vegetation, as a function of betland'YQ .

From the threshold fodominant mechanical dispersiqm  1&), Nepf (2012)proposedan
alternative expressin for'O , in sparse arrays, 1@, which is a limit wheré tends
to zero and the contribution of mechanical dispersion is negligible. This assumption leaves a
dispersion coefficient weakly dependent on Reynolds number, from which it semeale to

expect a constant normalised dispersion coefficienfYQ 0 1 .

Figure2.4-11, shows a comparison @ resultsfor different vegetation species and artificial
vegetation, as a function of. AlthoughTanino and Nepf2008b)model performs well for the
artificial vegetationthe variations withReynolds numbers analysed are limited. Also, it has
consistently been found that longitudinal dispersid®,, is approximately one order of
magnitude greater thai©® (Sonnenwaldet al., 2017) In this studyit is also hypothesisethat

a distribution of stem diametercan approximatethe natural variatns in plant morphology

caused by clustering, age and seasonal variation.
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Figure2.4-11 comparison between physical models given in the literature for the computation of
transverse dispersion coefficien@,, for artificial and natural vegetation, source Sonnenwald et al.,
(2017)

'O in flows through vegetation is greater than shallowopen channe. This trend is easily
identified from the theoretical and experimental values showFRigure2.4-10. However, when
comparing the results from different studies a trend cannot be identified, since deviations from
a straight line (which wdd be the estimated trend ifrigure2.4-11) are up to two orders of
magnitude. The differences reported in the studies analysed ltave different causes
experimental conditions, effects of the advective zone, esigrplification of the vegetation
morphology ounknown additional physical effect®iscussions on possible causes of error are

further explored in thighesis.
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Chapter 3. PRELIMINARY EXPERIMENTS

Abstract

This chapter presents a series of prelinmnatudiesmotivated by a analysis of the treatment

of velocity statistics in the derivation tfie most relevant model for longitudinal dispersion
(White and Nepf, 2003)The first studypresented in Sectio.1, combines concentration and
Surface PIV measurements in a sparse array configaratibh 4 mmdiameter cylinders, in a

300 mmwide flume at the University of Warwick. This experiments have as an objective to
quantify the main components of th&hite and Nep{2003)model, namely turbulent diffusion

and secondary wake dispersion, also called dispersion by differential advection in this work.
The results show thathe velocity heterogeneities are approximated by the secondary wake
term, only for low Reynolds numbers. The trends for intermediate Reynolds numbers suggest
that the secondary wake dispersion term, will underestimate the effect of velocity
heterogeneitiesowing to the initial assumption of linear velocity superpositions, which

overlooks higher order stem wake interactions.

The importance othe White and Nep{2003)shouldalways be, acknowledged. However, the
treatment of velocity statistics, based on the conceptual framework used for the Lagrangian
to-Eulerian transformation, as wedls the contribution of the mean velocity field, require
further discussion. The validity of the theoretical assumptions, and their consequences on
concepts such as homogeneity, stationarity (i.e. steady flow conditions) and iscarepy
explored inSectim 3.2 This analysis is donen by means of simultanecpsi velocity
statistics, using ADV probes, measured in a sparse array, with 20ianneter cylinders, i

300 mmwide flume in the University of Sheffiel@he results from the ADV experimeistsow
wakes are dominated by persistent coherent features, that are associated to large scales of the
flow. Further, velocity heterogeneities are dominated by thesekaeveffects, since, in the
absence of clear momentum transfer between wakes, these tend to deform due to array
configuration. A model is suggested to extrapolate coherence metrics (i.e. correlation

functions) from singlgooint measurements to Lagrangian fitions.
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3.1.CHARACTERISATION OF LONGITUDINAL
DISPERSION IN EMERGENT VEGETATION
USING SURFACE PIV

3.1.1Introduction

This chapter presents the results of the characterisation of velocity fields, from measurements
of surface PIV, to predict longitudinal dispersiorflow through emergent vegetation. The
experimental results presented correspond to joint measurements of longitudinal dispersion,
from tracer tests using submersible fluorimeters (cyclops), and velocity variations from Surface
Particle Image Velocimetry I\A. The experiments were carried out in the Armfield Fluate

the University of Warwick, by other researchers, prior to the start of this PhD.

Flow field measurements and dispersion coefficients are related using the model for scalar
transport given inWhite and Nepf(2003) A summary of the key points of the model, the
relevant equations am parameters is presented. This is followed by a discussion of the
information required to obtain the inputs of the model from the Surface PIV data.

Subsequently, quantification of dispersion coefficients from the velocity data is presented.

Basedn the predictions, and comparing the results with the measured dispersion coefficients,
it is evident that a twedimensional characterisation of the velocity field can be used to
calculate dispersion processes. However, it is found that one componettteomodel,
secondary wake dispersion, is not well predicted from the data. A discussion reveals that the
analytical developments from which this component was developed, tend to overlook the

effects of spatial heterogeneities in the flow field caused l®/\thgetated array.

3.1.2Experimental setip

The experiments were conducted in a 300 mm wide flume, the specific details of which are
covered inSonnenwald, Stovin and Guyn{019a) with the camera located above the flume,

as shown irFigure3.1.21a. The focal plane was perpendicular to the bed, at a small enough
distance to avoid projection errors, thereby eliminating the need for image distortion

corrections. Surface PIV and dispersion measurements were taken for a random, synthetic
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vegetation array, composed of rigid stems (plastic straws), with uniform dianftdr4 mm,

a stem density of 398 stems/nand a solid volume fraction of 0.005.

(a.) ( ) 4,12m 2,5m 2,5m 2,5m 3,38m
Camera
[ Cl148 913 C670
C609
| Flow direction
v !‘ <
Tank =

Flow direction 5
> Injection

Straws point of dye

Figure3.1.21. a)Surface PIV configuration, b) Locations of the fluorimeters for the measurements of
concentration profiles.

Measurements of concentration and Surface PIV were taken under uniform flow conditions,
with a constant depth of 150 mm for a total of 4 flow scaaar The nominal flow rates set for

the pump were validated using the travel velocities from the concentration measurements.
These measured velocities will be used as reference as they better represent flow conditions

within the vegetated array. The velties and Reynolds numbers of each test are presented in
Table3.1.21.

Table3.1.21. Nominal mean velaoés and stem Reynolds numbers for the tests analysed.

_ R
TEST [an " ] [']'
1 14 57
2 20 80
3 40 158
4 68 270

*With a kinematic viscosity of 1.610° m?/s

Concentration measurements were taken with 5 fluorimeters, 4 of which were distributed
uniformly along the flume, within the artificial vegetation, and one in the inlet pipe, upstream
of the injection point, to confirm a fixed background concentration wigrrthe tests. The
distances between fluorimeters, the location of the injection point, and the general
configuration for the tracer tests are shownkigure3.1.2-1b. Three repeats for each test were
performed, resulting in 9 values of longitudinal dispersion,for each test, calculated from an

optimised routing of two consecutive concentration pte§ (Eq2.2-6, Chapter 2. The results
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of longitudinal dispersion for all repeats and reaches (i.e.

for each test shown ifrigure3.1.2-2.

consecutive fluorimeters) are grouped
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Figure3.1.22. Results of Longitudinal Dispersion for all trials and all tests. External whiskezs in
boxplots represent £2.7 standard deviations from the mean of the data, the boxes represent the data
between the first and third quartile, and the central line represents the median of the experimental
results. Measurements of longitudinal dispersiondiach test and trial are shown to illustrate variation
in terms of Dispersion and Reynolds number.

The main purpose of the analysis is to perform a full characterisation of the velocity field from

the Surface PIV measurements, to obtain the relevant patans to predict the longitudinal

dispersion coefficients. The specific details of this model are given in the following section.

3.1.3Data Analysis

3.1.3.1. Theoretical Background

This section will treat the components that characterise the longitudinal dispersioficteefs,

as described bWhite and Nepf2003) namely

O ©O ©

Where

‘O: Molecular Diffusion

‘O : Turbulent Diffusion
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O j; : Vortex trapping Dispersion
'O : Secondary wake Dispersion
'O i, : Dispersion caused by convective acceleration irgdqgsbetween stems

'O : Dispersion caused by trapping in Laminar Boundary Layers.

The termO s NELINBSaSyda (GKS AyONBlFasS Ay @St20A08 o6CcC
generated in tle gap between stems as a compensation for the decrease of mean velocity
behind stems.White and Nepf(2003) assume, under dimensional considerations, that
turbulenceinduced velocity variations in these regions are small compared to those in the

actual wakes, an@® j, is therefore negligible.

ThetemO O2NNBaLRYyRA[ I8 SNJL 3 dz RS NE A 2K6€h>and [Béady LINS & S
(1985) Given the small spatial extent and the large time scales of this éfects considered

negligible for experimental purposes. Molecular diffusion is several orders of magnitude
smaller compared to other physical processemditudinal dispersiomi emergent (artificial)

vegetation, is defined as

O O O ©Op ©0Ojy Eq.3.1.32

These individual contributions are the result of crassrelation terms(e.g.6 0 ) generated
by the consecutive time and space averaging of the GBEEQ.2.3-5). Their physical meaning
was exploredby White and Nepf (2003), and are briefly caahere in Sectior2.4.2 The

following discussion will focus on quantifying each of the componenr® of

3.1.3.1.1.  Molecular Diffusion

The constant of molecular diffusidd is known for most components, including Rhodamine.

The common values found in technical notes and the literature varies within the range.

(@] T ™ P
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3.1.3.1.2.  Turbulent Diffusion

Turbulert DiffusionO can be obtained from the turbulence kinetic energy per unit rhags
seeEq.3.1.33, or alternatively from the array drag coefficiett, shown inEq.3.1.34, as
explained in Nepf (1999).

0 nQ
~ | Eq.3.1.33
o ..

Where| and| are proportionality constantsy is the mean frontal facing area per unit

volume, andQis the mean diameter of stems.

3.1.3.1.3. Isotropic vs Anisotropic diffusion/dispersion

All dispersive/diffusive processesHu.3.1.3-1 are indicated byO, and the subscripts give an
indication of the physical process in each case. Two types of subscripts are used. First,
coefficients with a single subscript denasotropic diffusion coefficientsi.e. remain equal

after any rotation of the coordinate system. The second type of caeffis refer to processes

that are dominant in one direction, and whose effect in all other directions are overshadowed
by isotropic effects. These are calladisotropic/directional dispersion coefficient¢e.g.O j

for secondary wake dispersion). The distinction between isotropic and anisotropic coefficients
is considered relevant because the extent to which certain mechanism is Fickian, must be

considered in a directional basis.

3.1.3.1.4. Primary and Secondary wakes

To undestand the equations describing vortex trapping and secondary wake dispersion, it is
necessary to define the spatial domain of each process. To doRlate3.1.31 shows the

extent of the primary and secondary wakes graphically, as explainfiite and Nep{2003)

The primary wake corresponds to the region dominated by recirculation, which, at low
Reynolds numbers, is bounded by closed streamlines and therefore no direct mass exchange
other than that due to molecular diffusion occurs. After sthinitial recirculation zone

characterising the primary wake, a region of velocity defect induced by the cylinder is formed,

2 Following considerations of twdimensionality, the turbulent kinetic ergy per unit massQ can be
defined only from the longitudinal and transverse velocity componefts: 6 0 1c.

60



Chapter 3. Preliminaryxigeriments
Jesus Leonardo Coder Garcia

calledsecondary wakewhich extends to a scale defined by the drag imposed by the stem and
the solid volume fractiofWhite and Nepf, 2003)

YA
br on . u(y)
Secondary
Wake

Primary Wake

—>
u

Figure3.1.3-1. Separation of the wake generated by a single cylinder, into a primary wake, defined by
the recirculation region immediately behind the stem; and a secondary wake characterised by the
velocity defect further downstrean.: length scale of the recirculan region.a : Attenuation length,
i.e. streamwise extension of the velocity decay caused by the stem.

3.1.3.1.5. Vortex trapping Dispersiof,

This refers to the spread of the concentration distribution induced by mass trappimgyiary
wakes During edly stages of formationYQ  t mtGerrard, 1978}his region contains two
symmetric vortices with opposite rotatiomnd any mass can only escape through molecular
diffusion. AsYQ increases above this threshold, mass exchange pathways are opened between
the primary wake and the outer flow, thereby decreasing the retention tifnand dispersion.

The length of thisormation region growsy ‘Q until periodic vortex shedding starts. The length

of the primary wake, at this transition, has been found to 65 Gerrard, 978)

As mentioned irChapter 2 Eq.2.3-8, White and Nep{2003)define vortex trapping dispersion

as the result of two main factors: the proportion of the flow field occupied by primary wakes,

T , and the average trapping tim&, The former represents the vegetated array, and the latter
depends onYQ, and is represented by the Strouhal numbeéf (i.e. nondimensional vortex

shedding frequency). We know tHat can be readily measured from the Surface PIV (SPIV)

data colected, so the use of the equatipn @ O @za SR Ay 2 KAGSQ&a LJ LISNI A

An advantage of having spatially and temporally resolved flow fields is that baihd ™Y can

be computed directly from the SPIV data available. This calculatiomplaired below.
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3.1.3.1.6. Secondary wake Dispersiggry

This effect has to do with the velocity perturbations induced by the stems, but outside of the
recirculation zone. These are related to instabilities that induce the generation of coherent
structures and tdbulence production downstream of the wake and therefore a reduction in

mean velocity (i.e. a velocity defect). This velocity defect is more noticeable along the stem

centreline (parallel to the flow direction, see alSmgure3.1.39).

Particles advecting through the secondary wake will be slowed down when they are captured
in vortices and recirculating locally, or simply daycountering a stemlf a single patrticle is
followed in a Lagrangian manner through the vegetation arrayd#éiays can be accounted for

by measuring th&hanges in velocity along its path. Statistically, the tool that allows for such

guantification is the autocorrelation function 0, defined as

. p <
T 0 T I T oY foot faf O00QfT Eq.3.1.35

Wheret T represents the (Lagrangian) velocity fluctuatiafis particlein the "@h direction.

The general autocorrelatiom 0 considers the turbulence intensitiest different intervals

duringi KS LI NI A Of SQa Y20iA2yd ! fK2dza3K y2 NBAGNAOGA2)
imposed onEq.3.1.35, there is a requirement for the intervatto be signiftantly larger than

the characteristic integral scales of the flothe secondary wake dispersion coefficient will be

given by(Csanady, 1973)

Op + 0 £ Tt o1 tQft Eq.3.1.36

For want of space it is only necessary to know that the general expression gizqr8it.36

is the added effect of perturbations induced by veloditictuationsand the heterogeneous
time-averaged flow fieldbehind stems (yet outside of the primary wake), and between stems.
The latter is considered negligible based on dimensional considergidmge and Nepf, 2003)
Thesame restriction ord being larger than théntegral scaless necessaryBy expressingq.
3.1.36 in terms of the timeaverage velocity éild (White and Nepf, 2003)Eq. 3.1.37 is
obtained Thevalidity of this teatment ofEq.3.1.3-6 is discussed in detail in Chap@&p.

’O" z rz -ng
R Eq.3.1.37
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Where the term, © is the nondimensional variance dfme-averagedvelocity fluctuations in
the secondary wake * , TY,i%is the mean separation of stems in the longitudinal
direction divided by the stem diametéf {¥Qand ™Yo is the turbulent Schmidt number
which defines the ratio between eddy/turbulent viscosity and turbulent diffusioi®
(OF

Eq.3.1.37, as presented bwhite and Nepf2003)can be treatedri several ways. In this report
three approaches will be explored, which will involve the calculation of the following

parameters.

a. Theterm,’ is expressed in terms &f , O, "Yo and¢) in the form of an incomplete
gamma function calculated fro the end of the inner wake (termed in the paper).
We can compute all those terms and find the béisfor the gamma function defining

., and solveEq.3.1.37 directly.

b. An estimate of mean velocity heterogeneities can lmained from the dispersive

fluxes computed from SPIV maps.

c. We reformulate Eq.3.1.35 andEq.3.1.36, anduse an experimental proxy for o .
To do this, we must conviethe autocorrelation function for a single particle in the
temporal domain, to aEuleriancrosscorrelation (or simply correlation) function
between consecutive points within a walgtarting at the onset of the secondary wake,
i.e.'Y [, inthespatal domain (like the axis presentedRigure3.1.3-2c). The validity
of this EuleriarLagrangian similarity requires a detailed analysisich is presented in

Chapter3.2

In this analysis, option (a) requires empirical estimatiors aind the other parameters, which
become additional sources of uncertainty. (b) will also be explored here, as Surface PIV provides
the spatially resolved velocity fields to obtain velocities along the secondary wake. Finally,
option (c) requires a more dailed treatment of multipoint velocity statisticsand a detailed
analysis of the necessary empirical assumptions and simplifications to relate Lagrangian and

Eulerian statisticsThe necessary conditions for its application are explored in Chaj&er

In conclusion, we have to calculate 2 parameters to ob@&in, and have three approaches to
computeO j,. These alternatives are explained later on. For fibe focus is on the capabilities

of Surface PIV for the extraction of detailed flow field information. This analysis, will be seen, is
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beneficial because the computation of parameters that previously had to be assumed or drawn
from different studies. Fuher, allows the characterisation of velocity perturbations in more
detail to discuss the validity of the physical assumptions given in the derivations of the current

models.

3.1.3.2. Characterisation of the Flow Field and Dispersion Coefficients via
SPIV

Having otlined dispersion models, this section is devoted to the methods to compute velocity
dependent measurements using (Surface) PIV. The common feature for foregoing formulations
is the notion of an ensemble average of Lagrangian transport equations, whidefared for
distinct solute elements throughout the motion. This approach will be followed here, and all
computations will be explained for a single stem, i.e. wake. The results will be extended to the

complete test section via ensemble averages.

Figure3.1.32a shows the pattern of the pseudandom vegetation array in which dispersion
and velocity were measured. The Surface PIV field of view is showigure3.1.32b. There
the stem wake of analysis is depdtin detail. According to the subdivision of the wake
presented (seé-igure3.1.32c), three specific points have been choskempandq; which were
chosen to represent the recirculation region (i.e. primary wake), the sheddingaosition
region, and the secondary wake, respectively. Further, the wake centralinewhich is used

in the next section to describe the mean flow field, is presented.
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Figure3.1.32. Area of studyor Surface PIV. a) 2.5long repeating pattern of pseud@andom
vegetation. b) Sample image taken from SPIV experiments. c) Stem wake under analysis, wake
centreline and location of the points for the temporal analysis of the velocity variations. Foint k
located as close to the recirculation zone as possible; point p is chosen close enough to the inner wake
but within the secondary wake to allow for the characterisation of velocity fluctuations for the
measurement of vortex shedding frequency.

3.1.3.2.1. Computaion of the volume fraction of primary wakes

Although the concept of a volume fraction of primary wakes, in vegetated flows, was
introduced byWhite and Nepf(2003) a clear methodology for its calculation is required.

Remembering the mathematical definition iostantaneousyorticity,
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TY 1T o
m —.

o T o Eq.3.1.38
CorredorGarciaet al. (2020)proposed a method for calculating the fraction of the flow field
occupied by primary wakes, based on the reported features of inecktimme-avereage
vorticity (cf. recirculation) and decreased mean longitudinal velocity (cf. velocity defect)
evidenced in the vicinity of circular cylinders. Accordingly, this method considefisnary
wake to be composed of the pointgy, in a discretevelocity map, that comply with the

following conditions.

Yo aeq DS
v a0 Eq.3.1.39

.O)

The valuesY andm represent the timeaveraged longitudinal velocity anerticalvorticity
(ile.'Y © ,andm T ), at a particular pointx in a discrete mapThe term gD
represents thentrinsic spatial averagéof the time-averaged, absolute vorticity field (map);

0 and]  represent, respectively, the timaveraged logitudinal velocity and vorticity
magnitude atd ; and"Yis the mean pore velocity. The criteria . 3.1.39 indicate that
primary wakes are compodeof points with vorticity fluxes higher than a threshold,, and
longitudinal velocity lower than a predetermined valuye, . Both constantshave to be
determined empirically, and are expected to vary depending on the macroscopic descriptors of
vegemtion. Spatial averages (i.8YOand &Ganglare used as reference thresholtisreflect the
macroscopic flow properties, and also, to smooth any possible outliers remaining after the

initial filtering of erroneous velocities.

Before discussing the values|of and- , the criteria is described graphicallyigure3.1.33

to Figure 3.1.35 show the maps forY,] and volume fraction of primary wakeg,
respectively. Clearlfsigure3.1.3-3 shows that decreases itvtake place not only behind stems

but also expands radially near the stem (area A). Further, when two stems are sufficiently closed
together, their wake effects and hence their recirculation regions combine (area Bjigtoe
3.1.34, a key detail is the fact that mean vorticity is highest not only behind stems but a
vorticity field is created stems. This can be explained by the shear induced by each stem, which

guarantees a source of vorticity around a stem.

3 Intrinsic average refers to averages considering only the extent of the pore space, omitting the space
occupied by stems.

66



Chapter 3. Preliminaryxigeriments
Jesus Leonardo Coder Garcia

065
1l
04 %

0.2

005 01 015 02 025 03 035 04 045 05
X (m)
Figure3.1.33. Map of nordimensional mean longitudinal velocity for Test 3.
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Figure3.1.34. Map of nondimensional Vorticity for Test 3.
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Fgure3.1.35. Map of primary wakes T8t @With| T® and- T8t @, dor TesB.
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The appropriate arguments for the estimation of the vorticityreshold, - , must be
considered empirically. For the longitndl velocity threshold, , on the otherhand, a
detailed spatial analysis of the mean velocity can inform the natural range at which the inner
wake exists. Since no precedents exist for these values, these were adjusted to have primary
wakes as closeotthe ¢Q recirculation region found irGerrard (1978) The next section is
devoted to the calculation of the sheddifrgquency, which is based on the temporal variation

in velocity for the points shown iRigure3.1.32c.

3.1.3.2.2. Computation of the Shedding frequency and Strouhal number

The shedding frequency describes the rate at which vortices detach from the inner wake and

move along the secondary wake. Behind stems, where energy from the mean flow is

transferred to vortex generation, times series of velocitiésp and 0 0, show periodic

FSEHOAINBa FNRY (NI @SttAy3a @2NIAOSa ¢gKAOK tSI @S Gf
characterise vorticity and shedding frequency, the sinusoidal patterns i theprofile at

different points along the wake centrelingeaused. The domant frequencyis obtained via

spectral analysis, using Fourier Transfdrtoget the spectrum (see EQ.1-18, Chapter 2.

In the primary wake, the velocity dging effect will mask fluctuatioAsso variations in the
velocity profiles due to vorticity will be difficult to detect (without measurements at higher
frequencies). However, further downstream, when vortices detéuty will rotate, travel, and
diffuse so we can expect a decay in the sinusoidal patterns further downstieéigore3.1.3-6a

shows the profiles of transverse velocity for poikip andq (SeeFigure3.1.32c).

4 Note that spetral analyses can only provide evidence of the length scale and frequency of detached
vortices, and cannot describe coherent structu(elsissain, 1983)

5 (Taylor, 1935Part | and )lproposed an empirical, linear relationship for the ratio of mean velocity to
turbulence intensity; Yfo & @ for dissipative turbulent flows behind honecomb and square grids.
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Figure3.1.36. a) Variation of Transverse velocity behind the stem, for points k, p and q. b) Frequency
spectra of the velocity series for points k, p and q.

As expected, for points behindsdem §igure3.1.36¢ point k) vortices are not fully formed,
and the reduction in velocity decreases the sigiaahoise ratio, concealing rotational motions

in recordedvelocity signals. This makes dominant frequencies harder to identify. Further
downstream, at the point where vortices start to detadhigure3.1.36 ¢ point p), clear
sinusoidal patterns in the transverse velocity ¢inseries can be discerned. Performing a
spectral decomposition, the dominant frequené, which in this case corresponds to 1.56 Hz
is clearly found. The amplitude (energy) of this frequency indicates that the flow structures are
dominant and stable, laeit only at this location. Moving further downstream, the information
for point q (Figure 3.1.36), shows that dissipation and diffusion have taken energy (i.e.
rotation) from the detached structures. As a consequena reduction in the energy of the
dominant frequenciesis evident, as the larger structures are broken down into lower

frequencies (i.e. energies).

The next step is to extrapolate this measurement of shedding frequ&hafya single stem, to

that of the entire array at least a subsample of stems from the image; to obtain an estimate
for the entire vegetated array. To do this a total of 30 stems were chosen at random, and their
frequencies computed at the equivalent location of pgirfior each one, thais¢Qdownstream

from the stem rear. The results of this ensemble average of shedding frequencies, for each test,

is presented inmable 3.1.31.
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Table 3.1.31. Estimation of shedding frequencies and Strouhal number, from empirical predictions
using nominal and corrected estimations of velocity, and from experimental estimations using spectral
frequencies.

Predicted values Measured values from SPIV
TEST 1 2 3 4 5, 6 7 8 9 10,
+ | Y[ 2] o0 [{a| ¥ | 9" | Y |[@D
[mm/s]| [-] | [ | [Hz] | [mm/s]| [1] [-] [Hz] [1 | [HZ]
1 14 57 | 0.13| 05 145 52 0.12 | 0.56+0.2| 0.15 | 0.46
2 20 80 | 0.15| 0.8 | 152 56 | 0.13 | 0.64+0.3| 0.17 | 0.52
3 40 158 | 0.19| 1.9 | 34.0 | 123 | 0.17 | 1.60+0.4| 0.19 | 0.93
4 68 270 | 0.21| 3.5 59.0 214 | 0.20 | 2.90+£0.8| 0.20 | 1.25

*Values from the equations folY in Fey, Kdnig and Eckelmai®98)and McCroskey1977)
**VValue of shedding frequency obtained as the ensemble average from a subsample of stems

Table 3.1.31 shows the results of the ensemble average of shedding frequency for all tests.
Assuming that the discharge was correctly calibrated, the nominal value¥ offrom
continuity, and'YQ shown inTable3.1.21 can be considered validnd can thus be used to
obtain shedding parameters, i.e. Strouhal number, from the empirical equations proposed by
Fey, Konig and Eckelmafi®98)and McCroskey1977) The obtained values are praged in

column 3 ofTable3.1.31, and the shedding frequency baseul this value is shown in colundin

The measured mean veIocit@’,\Oshown in column 5 ofable 3.1.31, was added to illustrate

the variation in mean velocity within the array, from its nominal value. The value was measured
as the double average of longitudinal velocity, only considering the pore spacéi(pae
3.1.33). This changen mean velocity with respect to the nominal value can be the effect of
two possible causes: surface values deviate from-filoid velocities, or values not being
correctly calibrated during the experiments. The corrected Reynolds numbers from these
estimations are shown in column 6, and the empirical estimatiori¥ afe presented in column

7. Using the methodology explained above for the experimental estimatiof) dased on a
subsample of stems, the ensemble average is presented in column 8harmabtresponding
experimental value of the Strouhal number is given in column 9. The spatial average of the

time-averaged vorticity magnitude is presented in column 10.

The empirical predictions of Strouhal number based on the deabéraged velocity are lower
than the values obtained using nominal mean velocity values, and both values are lower than
the experimental estimations via the ensemble averagédbr teds 1¢ 3. Nonetheless, the
differences between estimations are not large enough to induce errors in the predictions of

vortex trapping dispersiorQ j . These estimations revealcontradictionthe increase in shear
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stress has been shown to delay theset of vortex sheddin(Kiya, Tamura and Arie, 1980he

higher values of shedding frequency reportedTigble 3.1.31 may be explained by the fact

that, while for some stems the increase in shear can delay the onset of wake oscillations and
hence frequency; in other stems, background turbulence can induce instabilities that will
precipitate the formation of vortices. Ads stem interactions can induce pairs of stems to
behave as a single obstruction, so, by having the same shedding frequency (as it is a function

of the array Reynolds number) with a larger length scale, a higher Strouhal number is obtained.

The question nw is: how can this analysis be extrapolated to cases where a detailed
characterisation ofQfor each stem is not possible? This could arise, for instance, in CFD
modelling where a detailed temporal characterisation of the flow is unattainable, but mean
variations of the quantities of interest are available. To address this question, some basic
information of the vorticity is necessary, which is a quantity relatable to shedding frequency.
These are two different parameters describing a single processkigw that shedding
frequency and absolute vorticity, are both proportional to mean longitudinal velocity and will
scale accordingly, i.§.sD "Q. As an example, consider the spatial average of mean absolute
vorticity, & $Q'the quantities of which are gin inTable 3.1.31 for each test. If we compare

the variation indg Liith the changes ifQ a proportional relationship is obtained, as shown

in Figure3.1.37.

Best fit of Mean Vorticity and Mean shedding Frequency
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Figure3.1.37. Linear besfit of shedding frequency as a function of mean absolute vorticity.

Figure3.1.37 shows a strong correlation between the increase in mean absolute vorticity and

shedding frequency. This ditrates a possible relationship between a thaeeraged descriptor
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of vorticity, or rotational motiof, shedding frequency and subsequently Strouhal number.
However, experimental limitations make this dataset insufficient to conclude a valid applicable

relationship

From this sectionthe following conclusions can be drawh} for the purposes of calculating

the shedding frequency as the reciprocal of retention tirfigfor the White and Nep{2003)
model, a single value df2does not represent the variation in retention time in the array. A
characterisation that takes into amgnt the effects of shear and background turbulence is
needed.2) Whilst the actual frequency might change for different stems within a vegetated
reach, its nordimensional parameter, Strouhal numbél, will not vary significantly. This
means that evelffor high vorticity, an effective removal of mass from the inner wake will greatly
depend on the mean longitudinal velocity, as this will describe the speed with which vortices
are transported downstream3) An experimental relationship between sheddingduency

and a descriptor of mean vorticity can be obtained, but more data is needed to assert the

validity of this statement.

3.1.3.2.3. Computation of velocity fluctuations along the wake centreKisec

Calculation of velocity fluctuation variar@ein the £condary wake

Eq.3.1.37 presents the general expression for the effect of the secondary wake on longitudinal
dispersion, as proposed hWhite and Nep{2003) The most important parameter is the non
dimensional variance,” , of wakeinducedvelocity fluctuationsp . This parameter is derived
from a conditional average of tiRANSquation and dimensional simplifications/hich only
includes points within the secondary wake of a stem. Considering a normalized coordinate
system oS its with origin at the end of the gmary wake (i.e. poinp from Figure3.1.32c),

so that its variation downstream is independent of flow upstredifhite and Nepf (2003)

defines the wakenduced velocityp as,

 ap 6 Y YQ YQ

T oS T

0 O Eq.3.1.310

Eq.3.1.310is equivalent to the expression for the mean veloaityhe far wake, from a circular
cylinder, presented bgchlititing (1979 Eq. 24.39 with an additional first ordedecay term,

0 'Y, that represents the effect of upstream drag on the stem of analf$is expression

6 Jus as mean absolute vorticity is a parameter, we can have angular velocity, maximum vorticity or a
fraction of it to describe the evolution 60
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takes into account two important physical phenomena. First, cylinder drag is the dominant
driver of turbulence and turbulent diffusiofNepf, 1999)hrough wake productiorfRaupach

and Shaw, 1982; Finnigan, 2008)ence, a drag coefficient will dictate the magnitude and
extension of turbulent effects. Second, watkaated turbulence is unaffected by background
turbulence, and decays to zero after the effect of vegetative drag is dissipated or entirely
diffused.

Both assertions are based on the assumption of a local enepgpilium, which, for a single

stem Eq.3.1.310) cannot be asserte(Nikora, 2000) This is due to the fact that an energy
equilibrium considering wake production similar to dissipation is done for a spatial average of
the flow field(Finnigan, 2000)This, in turn, requires a spat@ttent sufficiently larger than the
largest spatial heterogeneities in order to comply with the averaging theor@iosnin and
Yaglon, 1971, p. 207n other words, the balance between production and dissipation should
be considered at an array level, not for a single stem, especially when the balance at a specific

stem is dfected by the effects of adjacent stems.

The expression given White and Nepf2003), for secondary wake dispersion, is based on the
assumption that turbulence effects and mean velocity heterogeneities are independent, and
consequently considered separately. From the analytical definition of cylindeced
variations in mean velity, given irEq.3.1.310, a characteristic velocity scale, defined as the
variance of mean velocitiesan be defined by adding the perturbatiomaused only be

seondary wakes$n a vegetated reach, as presenteddq.3.1.311.

, 6 0 Yo w Eq.3.1.311
The mean longitudinal pore velocityis considered equal to the average obtained from only
secondary wake contributionEq. 3.1.310). This isa consequence of the assumption of
negligible momentum contributions from gaps between stems presented abtete and
Nepf (2003propose the following analytical solution Ex.3.1.311, from the definition o
given inEqg.3.1.310.

Y

p @

3 %Fr;(bzé O 6 WO EqQ.3.1.312

To evaluateEq.3.1.312 it is necessary to know the drag coefficiedt,, and the turbulent
Reynolds numbeiYQ Y& ' ' , where the eddy diffusivity, , depends on the

Reynolds stresses along the secondary wake. Experimemitabéisns of these quantities are
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presently unattainable for full vegetated arrays. Two alternatives for the scale of the velocity

heterogeneities,{ ), in order to computeO j are explored in this work. First, the dispersive

—_-

fluxes, © 0 , available from the SPIV data, are used as a proxy for the velocity,scale
Second, empirical estimates for and'YQ, alongside a Taylor expansion approximation of the

incomplete gamma functiorg pj ¢ e 6 & 'Q are used to solvEq.3.1.312.

The statistical treatment of secondary wake velocities leading to Eq .7, will be analysed in detail
in Chapte3.2. For now, it should be noted that separating turbulence and mean velocities does
not reflect the effects both have in the trajectory of a diffusing Lagrangian particle. To illustrate
this, the pointsk, p andg, dong the sample wake presentedhigure3.1.3-2c, are selected to
discuss the variations in longitudinal velockjgure3.1.3-8 show the time series of longitudinal

velocity of the points during a sampling interval3éf second$or Test3.

The time series of longitudinal velocities elucidate some of the main features of the flow behind
a stem. Points closer to the recirculatiomne (pointsk andp) show higher variability, indicating
higher turbulence production, which tends to dissipate as the area of analysis moves further
downstream (point). Below, the spatial variation along the akis of: the mean longitudinal
velocity *Y, mean transverse velocity, mean vorticity magnitud@rs turbulence intensity of
longitudinal velocityd , and turbulence intensity of transverse velocity , are shown It is
important to note that the subscriph means that the quantitiedescribed areeferred to the

wake centreline.
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£
2004, | . ' l ’
§0.02 ‘ ‘ ‘ J'
._% ‘M “h " {lk”L] \ |" A l/‘bm A“ll w " M M"
£ 0
5
0 5 10 15 20 25 30
time (s)

Figure3.1.38. Time series of Longitudinal velocity at point k (recirculation region), p (shedding point), q

(further within the secondary wake).
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Spatialanalysis of the wakeg variation with respect of the wake centre line
Longitudinal Velocitys

The variation of timeaveraged velocity along the wake centreline (§égure3.1.39) shows

that an effective reduction in mean velocity @mgs upstream of stems, meaning that
recirculation zones (cf. primary wakes) should be considered as the entire boundary layer area
around stems. This reduction in velocity is coupled with zones of velocities above advection,
further downstream from the wige. The variance of mean velocities is clearly proportional to
Reynolds number, which is the basis for assuming dispersive fluxes as an appropriate proxy for

the velocity scale
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Figure3.1.39. Variaion of mean longitudinal velocity along the line Xsc describing the wake centreline
of a single stem. Dashed lines represent mean pore velocities for each test.

Transverse Velocityr

Similar to the region of velocity damping found for longitudinal vejoritFigure3.1.39, we

can see an increase regative transverse velocity (i.e. transverse velocity magnitude) as the
centreline approaches a downstream cylind@&his could imply that mechanical transverse
dispersion takes effect lbere the actual stem, or simply that this increase reflects the

circulation effect of the stem.
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Figure3.1.3-10. Variation of mean transverse velocity along the Xsc describing the wake centreline of a
single stem.

Variation of Vorticity

As we have seen earlier, vorticity is defined in part by the longitudinal gradient in transverse
velocity, and this plots of vorticity corroborate that. Additionally, vorticity appears some
distance upstream of a stem,hich reinforces the hypothesis that the primary wake is not

limited to the rear of a cylinder.
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Figure3.1.311. Variation of mean vorticity and mean absolute along the line Xsc describing the wake
centrelire of a single stem.
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Variation of StreamwisaVake Turbulence Intensityd

As presented ifParanthoéret al,, 1999) the peak of longitudinal turbulence intensity is found
at the end of the recirculation region, along the wake centrelffigure3.1.3-12 corroborates
these finding. Further, it cabe seen that value of background (i.e. unperturbed) turbulence

intensityis proportional to Reynolds numhgor all the tests analysed.
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Figure3.1.3-12. Variation of Turbulence Intensity of longitudinalocity along the line Xsc describing
the wake centreline of a single stem.

Variation of Transvers&Vake Turbulence Intensityo,,
The smooth slope with whiclb varies shows that the diffusive effect decays more slowly
along the wake when compareditiv that of 6 . This implies that the evolution of the wake

width and length with distance downstream is dominated by the diffusive effect of turbulence

in the transverse direction.
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Figure3.1.3-13. Variation of Turbulence Intensity of Transverse velocity along thX$a describing the
wake centreline of a single stem.

Figure3.1.39 to Figure3.1.313 show that in general, the effect of the secondary wake
downstream from a stem may be dominated by the presence of a stem further down. The decay
rate of turbulence in the wake of a stem can reveal important effects related to diffusion. For
the case ofd , the rapid initial increase and subsequent quick decay means that diffusion due
to longitudinal velocity fluctuations occurs early in the secondary wake, and further
downstream, dispersion is dominated by advection, until a new stem is found. Similarly, th
main contribution to mean velocity heterogeneities comes from the velocity defect zone at the
onset of the secondary wake, as can be seen frignre3.1.39. However, this is the case only

for low'YQ , where wake velocities reaciidownstream from each cylinder. For higher values

of 'YQ and stem densities, local advective acceleration pathways are created to compensate
the increasing resistance to flown other words, the assumptions leading to the expression for
'O i, presented byWhite and Nep{2003) and shown irEg.3.1.37, are expected to be valid

for low Reynolds numbers and sparse configuratidiiie next section presents the estimation

of these parameters and the comparison with experimental estimatior® of

3.1.4Computation of Dispersion Coefficients from Experimental
Daa

After presenting the criteria to calculate the necessary parameters to compute longitudinal
dispersion, this section describes how each parameter was computed from Surface PIV data,

the summary of results is givenTiable3.1.4-1.
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Turbulent Diffusion|r

The proportionality constant , shown inEg.3.1.3-3, has been found to vary between 0.1 and
0.2 for vegetated reaches witsolid volume fraction less than 0.H Q2 1®). A value of 0.2

was chosen.

The turbulence scale presentedHiy.3.1.3-3, the square root of turbulent kinetic energfi,Q

was obtained as the spatial average/for all points withinthe flow field, a single estimate

for each test was obtained. A list of all turbulence intensities found is given in the third column
of Table3.1.41.

Vortex Trapping Dispersiofg

The proportionality constarit (Eq.2.3-8, Chapter 2, has been found to be of order1D, for a
wide range of vegetation densities, and values of 3.2 and 2.3 have been repoitéghiiyody
and Nepf(2006b, 2006apnd White and Nepf(2003) respectively. A value of 3.2 has been
chosen to reflect that we must account for the variationrshedding frequency, and therefore

increase in trapping.

T (proportion of wakes occupied by primary wakes), is evaluated from the maps of mean
longitudinal velocity and mean vorticity, according to the conditions expresdeq.$11.39. It

was found that for the tests with low velocities, where a trapping zone is expected at the rear
of the stem and will extend approximately 2 diameters downstream, the val&ear@ 0.1 for

| andl , respectively, were chosen for the estimation. The valugés dbund for each test

are given in the % column ofTable3.1.41.

Y (Strouhal number), the values found for the ensemble average of the frequencies found for
a sample of stems in the maps are givermale 3.1.31, and repeated in the '5column of
Table3.1.41.

Secondary wake Dispersiofiyy

Two dternatives for the calculation of (variance ofspatialvelocity heterogeneities in the
time-averaged velocity field caused by secondary walksg 3.1.37), are explored.First,
dispersive fluxesd 0 , seeEq.2.2-42(Chapter 2, are computed from the SPIV maps of mean
longitudinal velocity and used as a proxy for. Second, was computed from the analytical
solution shown irEq.3.1.312, using the same empirical value ¥ presented inWhite and

Nepf(2003) andd was obtained fromTanino and Nepf2008a)empirical model for array
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drag. The estimations from therdt alternative are presented imable 3.1.41, and all

alternatives are compared to experimental results @rin Figure3.1.4-2.

"Yo, the turbulent Schmidt numbe(Eq.3.1.37), expresses the ratio between eddy diffusivity
and eddy viscosity; a value % p is typically a good assumption for a wide range of

transitional and turbulent flowgHinze, 1975)

i * (nondimensional mean spacing between stergs}. 3.1.37), this value is defined d$

i Q wherei is the mean(edgeto-edge) spacing between stems. To calculate the mean
spacing, it was necessary to describe the spatial variation of stems along the entire bed array.
This was done by performing a triangulation between all stems and finding the probabilistic
distribution of the dstances between them. To save consistency and sgagere3.1.41a
shows a subsample of the triangulation for the SPIV window to illustrate the procedsigame
3.1.41b shows the resulting spacing distribani It is important to clarify that not all lines
joining two stems represent a valid steim-stem spacinge.g. thelines drawn at the edges of

the triangulation. To avoid errors induced by thidl outer edges were removed from the
distribution. The mea stem spacingconsidering the probabilistic distribution shownRigure
3.1.41b, was found to bé 18t v m, and nordimensionalised with stem diameter yielded

i* p &8In other words, all stems are separated on average, a distaficl3 diameters

between each other.

Voo -avimVe

0
0.1 0.2 0.3 0.4 0.5 0.02 0.04 0.06 0.08 0.1 0.12
X -[m] Stem spacing: S, [m]

}

Figure3.1.41. a) Triangulation between stems for the calculation of the mean stem spacing. b)
Distribution of stem spacing for all tests, mean stem spacing was foupel 0.06 m.

Considering the foregoing parameters, we now proceed to calculate longitudinal dispersion as
the result of the joint effects of turbulence, vortex trapping and secondary wakes. Estimates of

each dispersion process are given, respectivelplmnens 7, 8 and 9 ofable3.1.41.
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Table3.1.41. Parameters from SPIV maps.

T efo Tefo Tefw
TEST = Lt dd | at T < Tef> Tefw Te
MmsT | [ems] | [ [1 |[m?s? |[m?sT | [m?sY | [m?s?] | [m?sT]
1 14.5 0.19 | 0.072| 0.15 | 1.6e5 | 1.5e6 | 0.9e4 | 7.9e5 | 1.7e4
2 15.2 0.18 | 0.072| 0.17 | 1.9e5 | 1.5e6 | 0.8e4 | 9.0e5 | 1.7e4
3 34.0 049 | 0.063| 0.19 | 7.9e5 | 3.9e6 | 1.4e4 | 1.7e4 | 3.2e4
4 59.0 071 | 0.043| 0.20 | 1.8e4 | 5.7e6 | 1.6e4 | 2.2e4 | 3.8¢4

1 These columns specify to which dispersion component each of the computed quantities
belong, e.g. the fraction of the flow field occupied by primary wakes,is a quantity
needed to compute th@ortex trapping dispersion coefficient.

The computed values fdD , using the experimental SPIV data, are comparéit low flow
rates, but undepredict the values obtained experimentally, foQ  p 1.7Vortex trapping
dispersion,0 ;, decreases \th increasing Reynolds number, as expected, knowing that after
the threshold for shedding frequency has been surpasa&e ( x jtvortex sheddingauses

the retention time to drop rapidly.The spatial effects of secondary wakes are more prominent
than votex trapping because they make up a bigger portion of the flow field, which has been
shown experimentally bgonnenwaldkt al. (2017) Alsq turbulent diffusion appears to play no
role in thelongitudinal dispersion of dyghis, although physically unrealistiollows the same
observations done to the diffusion model done in previous pagblikora, 2000; Ricardo,

Franca and Ferreira, 2016; Sonnenwatidl., 2017)

This under prediction ofO j, is the result of the value gf calculated for all tests, which reveals
some shortcomings of the model givenhiq.3.1.310 and Eq.3.1.311, the most prominent

being the fact that local convective acceleration becomes more prominent with incrég8ing

The experimental results presented, and suarised inFigure3.1.4-2, confirm the idea that
velocity defect areas are the primary driver of secondary wake dispersion, for low flows.
However, this conclusion is only applicable to sparse configurations 18t 1t v where
minimal interaction between stems occuiind each behave as an isolated elemértie low
resistance to flow in sparse configurations also implies that velocity fields downstream from
stems recover to uniform conditions, as further obstructions ass kkely to be found. Higher
densities, on the other hand will tend to generate high conveyance pathways as stem sheltering
starts to occur. These local acceleration zones are expected to be more significant in the

estimation of mean velocity heterogenssfor denser configurations
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An alternative to the model folO j, given inEg.3.1.37, is the simplified expression by

Lightbody and NepR006b)for emergent vegetation with solid fractions 1
or =677vQ Eq.3.1.41

For the quantification od , Tanino and Nep2008a)relied on the empirical expression derived
by Ergun(1952),

5 ¢ o= | Eq.3.1.42

Where| and| are bestfit coefficients that depend linearly on stem diamet@and solid

volume fractiore .

I XGCRBE ¢@v

| ca® ofip M Eq.3.1.43

If we compute secondary wake dispersion frein3.1.43, using the empirical coefficients just

given, we find that the effects of longitudinal dispersion are now those present&alite
3.1.42.

Table3.1.42. Parameters using the simplified expressioridgr

TEST | omsy | mesy [nTz'Zl] [nll-;;'l] e
14.5 1.5e6 0.9e4 1.5e4 | 2.4e4
15.2 1.5e6 0.8e4 1.5e4 | 2.3e4
34.0 3.9e6 1.5e4 1.8e4 | 3.3e4

59.0 5.7¢6 | 1.6e4 | 2.4e4 | 4.0e4

A W[IN| P

Figure3.1.4-2 shows the results of the tracer tests in terms of mean and standard deviations
(box plots), taken from the optimised dispersion coefficients showhRigure3.1.22. These
resultswere compared with the different approaches presentétie model forO  with ,,
calculated using dispersive fluxes as a proxy; using empirical estimationgoél 'YQ for the
analytical solution toEq.3.1.312 (as presented iWhite and Nepf, 2003)and with the

simplified expression usin .
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Figure3.1.4-2. Comparisons of results from tracer tests and predictions using velocity information from
SPIV data.

Results from dispersion models and experimental measurements are comparable for low
Reynolds numbers, i.&/Q p 1.7The simplified model for secondary wake disperdiag.
3.1.41) predicts the experimental data marginally bettidis range; the result&all within the

2 central quartiles from the distribution @ values obtained experimentally. For the last tests,
YQ p m,mhe difference between experimentand estimations increases withiQ . Note

that trapping behind stems is expected to decrease due to higher rates of mass transfer
between the recirculation zones and the outer flow; however, the opposite trend is found from
the estimates inrable3.1.41. The approach for the area of primary wakKes, used herein is

a function of'YQ, as proposed i'White and Nepf(2003) however, the behaviour of this
dependency requires further analysis. Seeing that boundary layers around stems define the

extent and induce the trapping into primary wakes, and fileigure3.1.39, it is seen that these

decrease with increasinyQ> A U0 Aa Ay (KS§ isidzierkedy Wdpbriionabtb A S @S

YQ.

Another important factor to consider is the effect of wake interactions, which arel@vieed

in Eq.3.1.310. One can imagine that a particle that has experienced turbulence from a stem,
when enters the secondary wake of another stem its state of nmofice. diffusivity) will get
amplified, so, for an actual variance of wakeuced velocity fluctuations to be physically
consistent, we must add the effects of wake interactions, which are linked to the existence of

coherent structuresThis will be expred via velocity statistics in Chap®&®e. In conclusion, the
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model presented by White and Nepf (2003) to characterise longitudinal mixing is reliable for
low Reynolds numbers, and sparse configurations, for all alternatives to comfuge
However, it has been found that some physical assumptions behind the expressions for
dispersion require further analysis, particularly those associated with treating disper

components as independent.

3.1.5Conclusions

A complete physical characterisation of the physical parameters needed to quantify
longitudinal dispersion from velocity information, obtained through Surface PIV has been
presented. Specifically, the analysis focused on vortex trapping and secondarglig@eesion.
Forvortex trapping the shedding frequencies measured from the velocity data were found to
vary little from the values measured in the literature. Indeed, the variation in Strouhal number
is found to be small compared to that of the area of primary wakes. Although the rfmdel
vortex trapping,O j, is physically sound; there are still remaining questions regarding the
spatial characterisation of the primary wake. An empirical definition, based on the effects of
increased vorticity and longitudinal velocity defects hasmproposed, but a detailed analysis

of its validity is still in order. Also, it should be remarked that the computation of shedding
quantities (i.e’Qand"Y) requires a detailed spatial description of the vegetated readtich,

due to experimentabr field limitations might not be always achievakddternatives that can
relate these quantities to macroscopic descriptors of vegetation, e.g. mean vorticity magnitude,
for practical applications, should be explor&igure3.1.3-7 shows that such a relationship can

be constructed with the available data, but the nature of this relationship, and the extension to

other cases requires further analysis.

All approachesdr secondary wake dispersion were found to perform similarly, which confirms
the validity of White and Nep{2003)solution for wake velocities, for low Reynolds numbers.
However, both the assumptions and the model under predicted dispersiovitor p T.7This
mismatch is also expected for larger stem densities where stems intenacre expected-or

the solid volume fraction analysdtkre, most stems in the array are expected to behave as
isolated elements (unaffected by the effects of neighbouring stems), as their mean separation
is approximately 13 diamete{Sumner, 2010)For isolated stems (cylinders), the induced flow
perturbation is mainly the result of the velocity defect in the secondary wake. From this
premise, theWhite and Nepf2003)analytical model fo© j, treats velocity heterogeneities as

the superposition of flow perturbations from individual stems. This analysis overlooks the
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effects of nearand farwake interactions, which, for denser distributions and larger Reynolds
numbers can induce acceleratioagions between stems and thus increase the scalmean

velocity heterogeneities, as the experimental resutt&igure3.1.4-2 suggest.

Lastly, it isn the authof apinion that the analysis behind the secondary wake dispersion
component,O j, (cf.differential advection) should be revised. Even though, generally, features
like increased turbulege production and spatial velocity heterogeneities amrectly included

in the model presented iWVhite and Nepf2003) some issuesemain. First, assumptions of
negligible contributions from background turbulence and local advective acceleration on
dispersion, as depicted in the developmentkx.3.1.310, do not match the persistence of
these quantities seen in experimental results (see Chapt&. Scond, dispersion from
velocity statistics is defined for a Lagrangian frame of reference, and its use caveraged
velocity fields is not justifiedLumley(1962) showed that a direct Lagrangidtulerian
transformation of the velocity correlation function cannot be analytically achieved. Any use of
the correlation function, as propesl initially byTaylor(1922) must consider these caveats in

detail.
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3.2.EXPLORATION OF VEGETATED
HYDRODYNAMICS USING MRINT
VELOCITY STATISTICS

3.2.1Introduction

Invegetated flows, turbulece processes are associated with the presence of stems and evolve
along their wakes. Diffusion is therefore determined by turbulent characteristics along each
stem wake, and their mutual interactions. This research presents assefiexperiments,
designed and executed to describe tpoint velocity statistics along cylinder wakes (a
surrogate for stem wakes), within a vegetated flow. For this, Acoustic Doppler Velocimeters
(ADVs) were used to obtain simultaneous velocity measurgsieom a reference point in the
onset of a wake and several points downstream. This procedure allows for the experimental
construction of a velocity correlation curve, and subsequently the computation of-sizde
diffusion profiles, relative to cylirat wakes, purely from turbulent velocity data. The results
show that an approximation of quantities, such as the width of a wake and the turbulent
dispersion coefficient, can be obtained from the dataset. Furthermore, the results are used to
study the inteactions between adjacent wakes and their impact on the overall diffusion of

mass through a vegetated system.

Previous studies have explored the problem of solute transport in vegetated flows from a
physical perspectiveln the formulation of twedimensioral vegetated dispersion (see
Section2.4) the contribution from molecular and turbulent diffusion are considered isotropic
phenomena(Nepf, Sullivan and Zavitoski, 1997; Nepf, 1989)turbulent structures have the
same extent in the streamwise and transverse direction. The additional contributaursed

by the presence of stems: shear, path tortuosity drapping are considered directional

components Specificallythe following physical phenomereae considered

a) Streamwise Dispersion is caused by vortex trapping and differential advection. Tier for
refers to the existence of a recirculation zone behind each stem, and the latter represents the

difference in mean velocities between low velocity zones behind stems and high velocity areas
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between stems. Generally, vortex trapping is expected to desgefor increasing Reynolds
numbers; the opposite trend is expected for differential advection. Both are also predicted to

be proportional to vegetation densiifyVhite and Nepf, 2003)

b) Transverse Dispersion is caused by transverse velocity fluctuations antamicad
dispersion. The latterefers to the spread in variance of particles as they encounter physical
obstructiors. When compared with vegetation density, the number of collisions increases for
denser vegetated reaches, thereby enhancing mechanical dispersion whilst decreasing the
porous space and, the scale of turbulence and thus the effect of turbulent disp&mammo

and Nepf, 2008b)Transverse dispersion is mainly dependent on vegetation morphology.

. 20K Y2RSta 6SNB RSGSt 2 siSdRpodwsRNd fibiols3nedialpigeh Sa Q Ff 2 ¢

in Koch and Brady1985, 1986) This limits the applicability of the models and the physical
reasoning behind themConsequentlyWhite and Nepf(2003) confine the validity of their
model to lowand moderate stem Reynolds humbegsit 'YQ  p 11 7L Following previous
experimental studies quantifying dispersion under these conditi(ferra, Fernando and
Rodriguez, 2004; Huaeg al., 2008; Shucksmith, Boxall and Guymer, 2010; Sonneretald

2017, no strong trends could be identified between dispersion metrics (i.e. coefficients) and
a2t AR @2fdzyS FNIOGAZ2Y 2NJ wSéyz2fRa ydzyo SN
between experimental evidence and theoretical predictions highlightsrtbéed for better
characterisations of the vegetated velocity field. Particularly regarding coherent structures,

which dominate mass and momentum transfer along and between stem wakes.

A thorough study of wake interactions should take into account the effeicstem spacing and
relative orientationgSumner, Ridrds and Akosile, 2005)n several different parameters, e.g.
sheltering and drag coefficient decayBokaian and Geoola, 1984) and vortex
shedding/Strouhal number and fluid forcéshouet al., 2009; Tong, Cheng and Zhao, 2015;
Zhou and Mahbub Alam, 2016; Kim and Christenset8R8everal useful insights are extracted
from these experimental and numerical studies. Overall, sheltering induces a decrease in vortex
shedding frequency for downstream cylinders (thereby increasing the trapping time behind
stems), as well as in incomimydrodynamic forces. A further exploration of this is given in
Chapter 7 No strong inference can be made about drag coefficients as they fluctuate

depending on speing and orientation.

These results are obtained from aerodynamics studies and thus provide useful insights on
stability, resonance and acoustic noise; and some results on drag can be extrapolated to the

problem of vegetated flows. However, the data foesie studies is limited to the near wake
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(& afQ o, from the cylinder centre) and does not offer information on the downstream
evolution of the wakes, which is the region of interest for the study of diffustanther, most

of these studies were umdtaken using planar techniques, or polmised measurements
around individual or cylinder pairReproducing these studies in vegetdtflowspresents a
challenge, as experimental limitations exist to the velocity characterisatithin full
vegetaion arays For planar optical methods, such as PIV, the presence of obstructions
generates shadowing and undesired refractions of light. Further, the intrusive nature of point
based measurements (LDA, ADV), makes them sensitive to optical, acoustic andl physica
interferences, from both the instrumds and the stems. Poifiased measurements are
presented in thicchapter, for a sparse configuration of stemts, study first and second order
velocity statistic@vera pair of interacting wake# novel experimentaconfiguration to resolve
spatial velaity fields, using planar optical techniques in vegetated ariaypresented in
Chapter 4 the measuredvelocity fields argoresented and analyseid Chapter éand Chapter

7.

Thischapter presens an experimental study designed to obtain a velocity characterisation
relevant to vegetated diffusion (i.e. twooint statistics). The flow is located within a sparse,
randomly distributed vegetatioh with cylinders as surrogates for stems. Fpaint velocity
statistics, necessary to describe dispersion metrics, were obtained from simultaneous
measurements wh fixed and mobile ADV probe¥he Reynolds numbers, reference cylinders
(stems) location and orientation were selected to avoid acoustic andiphlyinterferences,
whilst also providing a representative sample of points from two adjacent cylinders. The space
between cylinders was selected to avoid near wake interference, but allow secondary wake

interactions.

Before a description of the selp, it should be explained that the analysis of velocity statistics
from secondary wakes was motivated by a critical analydighife and Nep{2003)model for
longitudinal dispersion. Specifically, the assumptions leading to the secondary wake dispersion
component. Note that the model is the best theoretical approach to the problemrsavitn a
thorough phenomenological description that has served as the foundation for many
subsequentinalyseslts importance should always be acknowledged. However, the treatment
of velocity statistics, and their use alongsiti@ylor(1922) Theory of Diffusion, negates some

important underlying conditions for its application, thus hindering its reproducibility.

" The cylinder distribution was obtained as the central third of the RandoSticks configuration described
in ChaptersChapter 4and Chapter 4but only considering cylinders with 20m diameters.
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Dispersion preditons based on this model, and presentedCihapter3.], indicate that, except
for very sparse configurations ( p Tt)7the extent of sterinduced velocity heterogneities

are underestimatedSection3.2.1.1presents a discussion of the main assumptions in question,
which will then be contrasted with the experimental resulisfinal descriptions of the general

problem of mass transfer between interacting wakes is presented at the end of the chapter.

3.2.1.1. Previous Model and Rationale for the ADV study

The purpose of this study is to use velocity statistics to inform dispersion Imodesgetated

reaches, an undertaking K+ & KIF 4 (2 GKS | dziK2NDRa (y2¢fSR3IST
literature. The main models for longitudinal and lateral dispersion in vegetated flows have been

proposed byhite and Nep{2003) and(Tanino and Nepf, 2008b, 2009¢spectively. These

approaches are based dfoch and Brady1985, 1986)models for diffusion due to mean

velocity heterogeneities caused by random arrays of spheres in Stokes flow. When compared

to practicd cases of turbulent flowboth the theoretical bases and the derived models for

vegetated dispersion present some limitations. To understand these limitations, and provide a

baseline to compare the experimental results presented here, this subsection gives an overview

of the modelfor Longitudinal Dispersion presentedWihite and Nep{2003) The assumptions

will be contrasted and examined in light of the experimental results presented.
White and Nepf (2003) model for Longitudinal dispersion

Let us begin by giving the definition of the wake velocity derivedhite and Nep{2003)

. o 7Y 'YQ YQS
—  _—A@b

0 who — - AX?] Eq.3.2.1-1
T of T

whered6 ohy Ada GKS W@St20AG8 RSTFSOUQ FdzyOiA2y I NBLINBa
in the (far) wake of a cylinder centred at the origin. The Lagrangian autocorrelation function
needed to define a dispersion coefficient, fromaylor (1922) Theory of Diffusion, TTD, is

defined as,

Tt | EF  t; mip t Eq.3.2.1-2

where t; is the Lagrangian velocity functiom the "@h direction, of the £-th particle in a
statistical ensemble, comprisingindependent particlesThe application of TTD f&g.3.2.1-2

must comply with 2 conditions related to Lagrangian functigBatchelor, 1949)1) the
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ensemble of movingarticles must be stochastic (deviations from average behaviour being the
result of randomness) and 2) mutually independent (trajectories of each particle must be
independent of neighbouring onegJlearly,the velocity functiord ¢S hs cannot be appéd
directly to obtain a Lagrangian (relative to the particle) correlation function} . First,0 is
defined over fixed spatial points (i.e. Eulerian). Second, as a mean velocitydfielids,
deterministic, in the sense that a trajectory (istreamline) derived frond , from the same

starting point,would be the same regardless of the number of trials performed.

With this in mind, let us look at the change of domain proposed to computé .

E 7

T tkr  fpmigto- Eq.3.2.1:3

7

wherei represents the characteristic intestem space. bwever,Ej. 3.2.1-3is at odds with the
conditions required to compute stochastic quantities. The ensemble pérticles presented

in the original expression for 1 (Eq.3.2.1-2) must, by definition, be the result of different

trials under the same initial and macroscopic turbulence conditions. Further, any two particles
released consecutively must hawno effect on each otheClearly, by spreading the points in
the ensemble over the initial domain we give each particle a distinct starting point, thereby
eliminating the necessary conditions of reproducibility inherent to stochastic properties

(Batchelor, 1949)

The Lagrangian product,; m$; T, presented in the definition off t (Eq.3.2.12), is

transformed into the equivalent Eulerian product
0 f 60 o hy faf ohdsadh’ Eq.3.2.1-4

Where 6 o hs is the Eulerian wak&duced, mean velocity defect function at point
dhd.nod Ghisash” Aa GKS aDlFdzaaAly LINRBLI IFG2N F2NJ
meaning the probability of finding a particle at a poiaf ¢l  after starting its motion at

@3 . Where, the spread of particlés assumed to transport and spreadcording to a random

walk model (Csanady, 1973, chap.. ZJhe superscript * is used to represent dimensionless

variablessd  ofQ andw  «fQ and® is the start of the secondary ke, i.e.y ¢d.

The transformation between the Lagrangian proddct, m ¥ t, andEq.3.2.1-4 s justified
on physical grounds. Knowing that dispersiin vegetated flows is mechanical (i.e. driven
primarily by advection), it is then possible to decompose the Lagrangian trajectory of a particle

into an advective component and a diffusive one. Referrin§¢o3.2.1-4, 6 ¢ & huy

91



Chapter 3. Preliminary Experiments
Jesus Leonardo Corredor Garcia

and n represent the advective and diffusive component of the trajectory of any patrticle starting
its motion at pointcy . The Gaussian propagatai, given inWhite and Nepf2003) is defined

as

g g YQ Yo YQ Yo
YA Nz N2 z g z Eq.3.2.1-5
na ohdsash 0 Aob 5 9 q

"YQ and"Yo are the turbulent Reynolds an Schmidt numbers, respectively, given by

: YeQ o s

and’ are the kinematic and eddy viscosity, respectiy&y is the transverse diffusion
coefficient. The productYQ "Yo defines thefollowing version of thePéclet numberfor
transverse dispersion.

YQ

TIQ -
'S

Upon further inspection, it can be seen thiais the solution to an ADfype equation, defined

as

1, T
o °fe

o Eq.3.2.17

With the welltknown solution

. p W
Aodb — )
n 06 g 06 Eq.3.2.1-8

By applying the identiti2 6 'Q @Yon Eq.3.2.1-7, normalising thavand wcoordinates, and

solving the PDE, we obtain

NS oShs sod b’ P A@Dd)z 2 Eqg.3.2.1-9
now oh sw oG 0G q.3.2.1

which is equal td=q.3.2.1-8. The presentation off shown inEq.3.2.1:9, helps to illustrate a
somewhat paradoxical result: to obtain the correlation function necessary to dérives need
to know O, which entails a similar statistical treatment in the tsaerse direction.
Nonetheless, as dispersion is derived for long travel times, it will be expectedly constant, as

informed in (White and Nepf, 2003)Iit should be added thatat the wake levelcoherent
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structures dominate transverse mass transfer. Ignoring the contribution of coherence will not
have a significant effect on the estimation©f in the Fickian regimebut it will impact the

estimation of the time scale needed to reach this regime.

The final definition of the secondary wake dispersion coefficient is found from the integration
of Eq.3.2.1-10,

0 Vi s Q6 &
h 6 ks
- Eq.3.2.1-10
T
s ShSsh 0 o R
T

Which was found to be an equation of the fo(lVhite and Nepf, 2003)
Ot T_Yi Eq.3.2.1-11

where, represents the variance of the tirmveraged velocity fieldThe ratio, ZYandi
work appropriately as velocity and length scales for Fickian Dispergitven this value is

derived from the modified velocity defect functiokq.3.2.1-1, a proportionality of the form

’05967

is obtained, which can limit the applicability to a narrower set of Reynolds numbers

and sparse configurations (see Cha@edrandChapter §. Notwithstanding the discussion, the

model provides a good scaling relationship of dispersion from mean velocity heterogeneities,
andAd Ay GKS | dzi K2 NRa& 2 LI pidbeng of veetateddBpeisionda y (i NA
far. Still, appropriate revisions carebmade to the calculation of the relevant scale of velocity

heterogeneities, , and thus provide better modefsr O j;, and extendts validity range.

In light of this, theADV experiments were devised to check whether the velocity statistics in
the near secondary wake match those from the modifsmthlichting1979)equation, given the
presence of upstream cylinders. Also, whether secondary wakes interact lir{earlyheir
combined velocity field corresponds to that of linearly superimposed wakes), and thus whether

advective acceleration in the gaps between cylinders can really be considered negligible.
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3.2.2Experimental Methods

To investigate diffusion and wake iméetions, a series of Acoustic Doppler Velocimetry (ADV)
measurements were performed along the secondary wakes of two adjacent 2diemeter
cylinders. These were located within a random, sparse (60 stefhsimay, generated to
simulate uniform emergenvegetation, as shown ifrigure3.2.21. The experiments were
conducted in a 121 long by 0.3n wide flume with a slope of 0.5%. Flow was supplied from a
constant header tank and controlled by a valve located before the inletxperinents with

the same flow rates had to be performed on different days, discharges were calibrated using a
Valeport Model 801 EM Manual Current met®dtaleport, 2016)To do this, the current meter
was located at a reference point, and the valve was operated until the target flow rate was
obtained, and maintained over a pedof five minutes. A constant flow depth of 160 mm
within the test section was maintained for all experiments by adjusting thegtaé at the

flume outleé.

Smooth PVC plates were located at the bottom to avoid boundary layer effects. The test section
was located at the centre of the flume to avoid wall effects, as shovwignre3.2.21a. After
the flow inlet, the flume contains a flow straightener to ensure stréaed onedimensional

flow.

The experiments conducted have two purposes: first, to analyse diffusion along the secondary
wake. This is achieved from the analysis of-paint velocity statistics, which are obtained by
recording velocities simultaneously o different points within the flow field. Second, to
study whether the interaction between two adjacent secondary wakes enhances or diminishes

mass and momentum transfer.

To construct Zooint Eulerian correlation functions, it is necessary to obtdia velocity
statistics for fixed reference points, located at the beginning of the secondary wakes for each
of the reference cylinders; for a set of points forming streamwise axes along the wakes
OSY i NBt AySa FigueB.221b);yaRd for poldts dloyig transects covering the two

I R2F OSy i 61 1S4&a onnFgure3@MF HHQS 00Q FYR nnQ

8 All other experiments in this thesis were performed with a 150 mm flow depth. The additional depth
was required to allow dowsooking ADV probes to be fully submerged.
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Figure3.2.2-1. a) Generaplan layout of the flume and vegetation array. b) Detailed scheme of the test
section and measurement points. ¢) Physicahfiguration of the ADV probes for simultaneous
measurements of velocities.

The velocity measurements were taken usirgide-looking and a dowshooking Vectrino probe

to avoid physical interferences, as shownHigure3.2.21c. For laboratory settings, ADV
manufacturers (e.gNortek, 2018yecommend the use of additional seeding in the water to
SYKIyOS GKS 1 02dzadrA 0 NBaLRyasS 2F GKS LINRo6Sad
seeding and injected immediately after the flow sgfateners, to eliminate any jet effects and

residual turbulence from the injection.

To focus on the effects of the secondary wake, the fixed {gidking) ADV probe was located
2.5Qdownstream from each cylinder centre, as it is estimated to be theoétite recirculation
zone(Gerrard, 1978)The mobile (dowstooking) ADV probe was moved downstream along all
longitudinald ! ! QX . afdtranstétseé/n/nAAT MM QI sectioBsShowndfyure Y R nn
3.2.21b, starting from the same point as the fixed prolhe.total 2 Reynolds numbers were

tested, which are presented ihable3.2.2-1.

Table3.2.21. Reynolds numbers analysed

YQ 250 1100
Yoai TSP T TBIL @
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For each flow rate, two experimental runs were performed. For each run, thele#eng
Vectrino was fixed at one of the reference points: start of secondary wake of cylinders A and B.
In this way, both singleand two-point statistics areobtained with reference to both fixed
points. This allows for a preliminary evaluation of data quality, and the study of the evolution

of coherence downstream of each wake.

3.2.3Results

Studies of secondary wake interactions from a basic hydrodynamics pekspact scarce.
Before discussing the novel elements of this research, it is necessary to validate the data and
compare with the baseline case of isolated circular cylinders. Therefore, this work presents a
characterisation of singlpoint statistics, to cmpare in terms of Reynolds number and to
identify trends from these parameters that could hint at exchanges between interacting wakes.
This discussion is intended as a lead up to the exploration of diffusion along the near secondary

wake, and its implicatins on longterm mixing, in light of previous studies.

3.2.3.1. Firstorder velocity statistics

For reference purposes, the singleint statistics analysed were the mean streamwise velocity,
"¥ the streamwise and transverse standard deviationtudbulent velodties,6 and0 : and
Reynolds stresses, , specifically their nordimensional versiond, 6 “, 0 “ andt* . For
simplicity, the notationd and U represents turbulent velocities, i.e. their tireveraged

components; Yandware implicity removed.

The objective of the singlpoint statistics analysis is to confirm validity via comparisons with

analytical predictions of wake velocitigSchlichtng, 1979; White and Nepf, 200&)nd

experimental studies over a range of different Reynolds numbers. First, this validation is

necessary to qualitatively assess the data. That is, to check that the measurements follow the

patterns identified previouslyeither analytically or experimentally and that the orders of

magnitude are similar. Second, as most previous experimental studies on vegetated diffusion

KI 46 F20da8R 2y G(KS G426 G2@pX2RSNMGSE wSayztR
representative points wthin this range were chosen. However, due to time and physical

constraints it was only possible to conduct experiments for the two stem Reynolds numbers

shown inTable3.2.21.

Considering the wake velocity characterisation of an isolated cylinder as a baseline case, a study

of the same features for a vegetated reach can help identify differences due to the additional
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stems. Additionally, as will be seen later, singtEnt statistics are necessary to compute

diffusion parameters.

Regarding the figures, the longitudinal axes were chosen to match the wake centrelines of
reference cylinders A and B, starting just outside the recirculation zone. The distance between
cylinders A and B ensures that they fall within the interference zoneaccording to the
classification provided b{Zzhou and Mahbub Alam, 2016jence, their recirculation zones and
shedding frequencies are unaffected and independent from anether. This independence
means that the wake centrelines can be analysed separately, regardless of location. For this
reason, all plots of streamwise evolution of quantities are expressed generically from their
cylinder centre, nordimensionalised usinthe stem diameterQ ¢  ofQ &  «fQ Non-
dimensionaltransect plots showthe behaviour of quantities between the two adjacent
secondary wakes. The wake interactions of interest are thus confined to the secondary wake,

which is responsible for mosf the mixing.

3.2.3.1.1. Mean Velocity field along the wake centreline

Figure3.2.31 shows the measured curves of the mean streamwise velocity along the wake
centreline,”Y & , for each of the reference cylinderSimilar curves for different Reynolds
numbers have been added for comparison. It can be seen that the new experimental data
appropriately falls between the range of Reynolds numbers YQ p v mat least for the

steepest portion of the plot, located in the range & T.
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Figure3.2.3-1. Evolution of the mean streamwise velocity along the wake centreline. Comparison with
previous experimental results overange of Reynolds numbers, comprising laminar and fully turbulent

regimes.

All results from previous studies indicate that the ¢ curve plateaus at about 75% of the

mean approaching velocityY °. In contrast, the measured profile¥¢ & and ™Y &

show a steadyncrease for the same rangdsing aboveY for the curve of reference B. Two

possible causes for this (not mutually exclusive) are contemplated: 1) the presence of

downstream cylinders modifies the wake centreline. Theorsoborated by the plots of mean

transverse velocity along the wake centrelings, ¢ andw & , shown inFigure3.2.32.

For an unmodified wake ¢ should be zero along the centreline, which is clearly not the

9 Note that the approaching velocifyy is used here to allow compads with previous studies. This

gt dzS

aK2dA R y2i

0S O2 yWdzseftéd inghk iollowing KeStiond.L TReNdier St 2 OA (1 &8 QX

refers to the mean travel velocity within the vegetated array, which could not be measured for these
experiments give the extent of the measurement section.
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case inFigure3.2.32. Also,Figure3.2.33 shows an increase in mean velocity, « , at
points close to the cylindedirectly downstream from B. Brom continuity, it is known that

the decrease in mean velocity behind and around stems is coupled with local advective

FOOSESNI GA2y Ay G(GKS 31 LI 0806 S Bighre3i2iB8 Shiow ¢ K S

evidence of this, as velocity peaks at both sides of each cylinder.

- Re; =250 + Re; = 1100 —Cylinder A —Cylinder B|

2 - 6 8 10 12 14

Figure3.2.3-2. Evolution of the mean transverse velocity altimgwake centreline.

The general array layouFigure3.2.21a), shows three cylinders above the test section, whose
configuration seems to create a preferential pathway through the measurement area. The
shape of the wake centrelines, inferred frdfigure3.2.32, and the magnitude oY &

pfora ¥, appear to confirm this. Quantitatively, the local acceleration in this preferential
pathway, generates velocities approximately 20% higher than the incoming velocity,
Y o m p&, as shown ifrigure3.2.3-1. Further, the evidence of acceleration zones wherein
% p& brings into question the assumption of gap contributions nigeinegligible.
Particularly with regards to relative displacements between low velocity and acceleration
zones, which are expected to be higher than if the velocity distribution of moving particles only

considered wake related effects.

The shape of the mearred Y curves, for each wake, is constant for the range of Reynolds

numbers measured. Consequently, the presence of the-lsidking ADV, at the reference
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point, had a negligible impact on the flow field downstream, which speaks in favour of the

consistency of the experiments.
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-¢-Transects 11’ - Reg = 1100 -¢-Transects 22" - Reg = 1100
Transects 33’ - Rey = 1100 -¢-Transects 44’ - Re; = 1100

-o-Paranthoen et al. (1999) - Reg = 50 - z* = 3 -=-Norberg (1998) - Req = 3500 - z* = 2
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* 2% = 3 taken from Luo et al. (2014) Transect 00" Schlichting (1987)
Transect 00" White and Nepf (2003) Transect 11" Schlichting (1987)
Transect 11" White and Nepf (2003)

Figure3.2.3-3. Evolution of the mean streamwise velocity along various transects over the wake length.
Comparison with previous experimental results over a rangregholds numbers comprising laminar
and fully turbulent regimes.

Figure3.2.31 shows that analytical solutions are not representative™f ¢ near the
recirculdion zone (x* 3.0). Nonetheless, by moving the analytical solutions a distance equal
to ¢a3, they do resemble the shape & G5 , only for the secondary wak&Vhite and Nepf
(2003) relied on this resemblance to use their analytical solution ®r & in the
computation of the secondary wake dispersion coefficient. Howeagwill be explained later,
these velocities are not representative of Lagrangian trajectories and their applicability for the

calculation of either correlation functions is limited to the empirical assumptions applied.
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3.23.1.2. Turbulence along the wake

The meaured turbulent intensities along the wake (fdQ ¢ v p 1, hown inFigure
3.2.34aandb, are comparable to those measured Gantwell and Coled.983 presentedn

Luoet al,, 2014)for a Reynolds number several orders of magnitude greer ( p& tp ).

The consistency of results for both cylinders and Reynolds regimes, suggests a high degree of
background turbulence.his could be the result of flume characteristics, the short distance
between the flow straighteners and the measurement area, or residual turbulence from the
particle injection system. The shape of the turbulence intensity curves was unaffected by the
locaion of the reference probe, hence, influence of the fixed (i.e.4adé&ing) ADV on the flow

is unlikely.

(a)

-2 0 2 4 6 8 10 12 14

Figure3.2.34. Evolution of the (a) streamwise and (b) transverse components of turbiolensity
along the wake centreline. Comparison with previous experimental results over a range of Reynolds
numbers comprising laminar and fully turbulent regimes.
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