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Abstract

The main goal of this thesis is to analyse, experimentally and
numerically, the effect of the flow in different chemical reactions.
This thesis is divided in three big blocks where different flow
regimes are analysed.

Turbulent mixing has the ability to transport and mix chemical

species, energy, and momentum faster than molecular diffusion and,
consequently, it is widely used in industrial chemical processes. For
this reason, in the last years, turbulent mixing has been widely
studied. In the first block of this thesis, a database obtained from a

direct numerical simulation of the turbulent reacting flow in a plane
channel at low Reynolds numbeR€ = 180) is analysed. One

reactant is released along a line source at the center of the channel
and the other near the walls of the channel. This distribution
produces two reacting mass transfer mixing layers. The fluctuations
of the concentration of the chemical species that react following a
second-order chemical reactiobq = 1, Sc = 0.7) are processed to
determine the contribution of the large and the small-scale
fluctuations in the reacting mass transfer mixing layers. The
analysis is extended to educe the flow structures responsible for the
large and the small fluctuations of concentration in the mixing

layers.

In the second block of this thesis, a reactive flow in laminar regime
is analysed. Previous studies have shown that the analyses of

concentration fields in turbulent mixing by means of experimental
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techniques and numerical simulations are not straightforward and,
in some cases, the comparison of results obtained with both
approaches are not in good agreement. For this reason, this block
analyses, numerically and experimentally, a laminar reactive flow in
a cylindrical cavity with a rotating endwall. A basic solution is
initially in the cavity and an acid solution is introduced at very low
velocity through the center of the stationary endwall when the flow
in the cavity is at the steady state. The effect of the different flow
structures obtained at different Reynolds numbers on the
irreversible fast acid-base neutralization reaction is measured with a
simultaneous Particle Image Velocimetry (PIV) and Planar Laser
Induced Fluorescence (PLIF) techniques and simulated numerically
with a finite volume code. The observed flow structures, the
recirculation bubbles in the vortex breakdown regions as well as the
numerical velocity profiles are in agreement with the measurements
and with previous studies. The range of measured concentrations is
limited to regions where the molar fraction of the bask,ig 0.57.

The comparison between the experimental and numerical contours
of concentration of base solution Rte = 1000 and 1500 are in
general agreement. At larger Reynolds numb&s € 1700, 2000

and 2300), the experimental and numerical contours of
concentration of base solution inside the vortex breakdown bubbles

differ because of the relatively large concentration of product

(i.,e. X3 < 0.57) in these regions, which is predicted by the

numerical simulations.

Vi
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The third part of this thesis deals with chemical reactions in
microchannels. Specifically, we consider enzymatic reactions in
microchannels using magnetic micro-particles. As first step, this
third block analyses the rate of deposition of magnetic particles on
the walls of microchannel. A permanent magnet is placed out of the
channel to induce the deposition of the particles which are
introduced at different flow rates. Two types of magnetic particles
are analysed; the paramagnetic and superparamagnetic particles.
Superparamagnetic particles deposit on the wall in a non-uniform
manner. Specifically, they line-up and form parallel chains. On the
contrary, paramagnetic particles deposit on the wall forming a
convex shape around the area adjacent to the permanent magnet.
Additionally, a numerical model to simulate the deposition of the
paramagnetic particles is studied and it is observed that, at high
flow rates, the experimental and numerical results are consistent.
Both experimental and numerical results show that the higher the
flow rate the lower the accumulation rate of particles. Finally, it is
guantified the number of particles deposited on the wall and it is
observed that the deposition rate decreases exponentially with the
flow rate. These results open the prospect for further analysis such
as the enzymes immobilization in the magnetic beads and its

correspondent kinetic enzyme reaction study in the microchannel.

Vii
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Resumen

El objetivo principal de esta tesis es analizar, tanto
experimentalmente como numeéricamente, el efecto del flujo en
diferentes reacciones quimicas. Esta tesis se divide en tres grandes
blogues donde se analizan distintos regimenes de flujo.

La mezcla turbulenta tiene la habilidad de transportar y mezclar
especies quimicas, energia y momento mas rapidamente que por
difusién molecular y, como consecuencia, es ampliamente utilizada
en procesos quimicos industriales. Por esta razon, en los ultimos
anos, la mezcla turbulenta ha sido estudiada extensamente. En el
primer bloque de esta tesis se analiza una base de datos, obtenida a

partir de simulacion numérica directa, de un flujo reactivo y
turbulento en un canal a bajo nimero de ReyndRés € 180). Un

reactivo es liberado a lo largo del centro del canal, y el otro cerca de
las paredes del canal. Esta distribucion produce dos capas de mezcla
reactiva donde se produce intercambio de materia. Las
fluctuaciones de la concentracion de las especies quimicas, que
reaccionan siguiendo una reaccién quimica de segundo orden
(Da =1, Sc =0.7), se procesan para determinar la contribucion de
las fluctuaciones a pequefa y a gran escala en las capas de mezcla
reactiva. El analisis se extiende para explicar las estructuras de flujo
responsables de las grandes y pequefas fluctuaciones de la

concentraciéon en las capas de mezcla.

En el segundo blogue de esta tesis, se analiza un flujo reactivo en

régimen laminar. Estudios previos han mostrado que el analisis de
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los campos de concentracidbn en mezclas turbulentas a traveés de
técnicas experimentales y simulaciones numéricas no es trivial y
que, en algunos casos, la comparacion de los resultados obtenidos
con ambos enfoques difieren. Por este motivo, en este bloque se
analiza, tanto numéricamente cémo experimentalmente, un flujo
reactivo y laminar en una cavidad cilindrica con la pared superior
rotativa. Dentro de la cavidad cilindrica se encuentra inicialmente la
solucion basica. La solucion acida se introduce dentro de la cavidad
a muy baja velocidad a través del centro de la pared estacionaria
inferior cuando el flujo en la cavidad cilindrica se encuentra en
estado estacionario. El efecto de las diferentes estructuras de flujo
obtenidas a diferentes nameros de Reynolds en una reaccion
irreversible de neutralizacion acido-base, se mide utilizando las
técnicas experimental&sarticle Image VelocimetrgPIV) y Planar

Laser Induced Fluorescend®LIF), y numeéricamente a través de
simulaciones que utilizan volumenes finitos. Se ha observado que
las estructuras de flujo, las burbujas de recirculacién en las regiones
donde hay rompimiento de vértice como también los perfiles de
velocidad numéricos estan de acuerdo con los resultados
experimentales y con estudios previos. El rango para medir
concentraciones se limita a regiones donde la fraccion molar de la
solucion basica eg; > 0.57. La comparacion entre los contornos
experimentales y numéricos de concentracion de la solucion basica
a Re = 1000 y 1500 estan en concordancia. A nameros de
Reynolds mas elevadofkeé = 1700, 2000 y 2300), los contornos
experimentales y numéricos de la concentracion de la solucion

basica dentro de las burbujas del rompimiento de voértice difieren
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debido a que la concentracion de producto es relativamente alta (es
decir, X; < 0.57) en estas regiones, la cual se predice por

simulacién numérica.

Para profundizar en el estudio de las reacciones quimicas, se da el
primer paso para analizar reacciones enzimaticas en microcanales
utilizando micro-particulas magnéticas. En el tercer blogque de esta
tesis, se analiza la tasa de particulas magnéticas que se depositan en
las paredes de un microcanal. Un iman permanente se coloca fuera
del canal para inducir la deposicion de las particulas que se
introducen a diferentes caudales. Se analizan dos tipos de particulas
magnéticas, las paramagnéticas y las superparamagnéticas. Las
particulas superparamagnéticas se depositan en la pared del
microcanal de una manera no uniforme. En concreto, se alinean y
forman cadenas paralelas. Por el contrario, las particulas
paramagnéticas se depositan formando una forma convexa
alrededor de la zona adyacente al iman permanente. Ademas, se
estudia un modelo numérico para simular la deposicion de las
particulas paramagnéticas y se observa que, a altos caudales, los
resultados experimentales y numeéricos son consistentes. Ambos
resultados numericos y experimentales muestran que cuanto mayor
es el caudal, menor es la acumulacion de las particulas magnéticas.
Finalmente se cuantifica el nUmero de particulas depositadas en la
pared y se observa que la tasa de deposicion de las particulas
disminuye exponencialmente con el caudal. Estos resultados abren

la posibilidad para un analisis adicional tal como la inmovilizacion

Xi
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de enzimas en las particulas magnéticas y su correspondiente

estudio de la cinética de la reaccidén enziméatica en el microcanal.

Xii
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Chapter O

0. Objectives

The main objective of this thesis is to analyse, experimentally and
numerically, chemical reactions at different flow regimes. This
thesis is divided to three big blocks: analysis of a chemical reaction
in turbulent flows, study of a chemical reaction in laminar and
confined flows and, finally, particle deposition on the walls of a
microchannel for enzymatic reactions. To accomplish the main

objective following tasks have been carried out.

* Numerical analysis of a chemical reaction in a plane
turbulent channel flow (Chapter 2).

0 Analyse a database obtained from a direct numerical
simulation of the reacting flow in a plane channel.

o Establish the contribution of the large and small-
scale fluctuations in the reacting mass transfers
mixing layers.

o Study the flow structures responsible for the large
and small-scale fluctuations of concentration in the
mixing layers.

* Numerical and experimental study of a chemical reaction in
a confined laminar flow (Chapter 3).

0 Design of the experimental setup to study,
simultaneously, the velocity and concentration fields
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of the flow using Particle Image Velocimetry (PI1V)
and Planar Laser Induced Fluorescence (PLIF)
techniques.

Apply PIV to estimate the experimental velocity
fields and compare with previous studies.

Implement simultaneously the PIV and PLIF
techniques to obtain the velocity and concentration
fields at the same time.

Use Ansys-Fluent software to simulate the confined
laminar flow.

Compare the numerical and the experimental results
for equal working conditions.

» Particle deposition on microchannel walls for enzymatic
reactions (Chapter 4).

(0]

Build a microchannel to analyse the magnetic beads
deposition.

Analyse the deposition of magnetic beads on
microchannel walls.

Use COMSOL Multiphysics to simulate the flow in
the microchannel.

Compare the experimental and numerical results.
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Chapter 1

1. Introduction

Scalar transport in turbulent flows plays a fundamental role in a
large number of industrial/engineering/environmental applications
including chemical reactors, mixing and separation processes and
dispersion of pollutants in the atmosphere. Some of these
applications may include chemical reactions between different
reactants. Mixing is a process in which a non-uniform system
becomes uniform. The overall degree of mixing can be separated
into two contributions, the large-scale mixing (macromixing) and
the small-scale mixing (micromixing). Macromixing is the large-
scale mixing -with a naked eye- of fluid elements. On the other
hand, micromixing is the molecular-scale mixing of elements of
fluid [1][2].

Turbulent mixing has the ability to transport and mix chemical
species, energy, and momentum faster than molecular diffusion and,
consequently, it is widely used in industrial chemical processes. For
a suitable design and optimization of chemical reactors a detailed
knowledge of turbulent mixing is needed. For this reason, turbulent
mixing has been widely studied, both experimentally and

computationally, in the lasts years [3][4].

One of the main objectives in analysing turbulent mixing is to

construct computational fluid dynamic (CFD) models for turbulent
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reacting flows. CFD is a helpful tool in chemical reactor design and
analysis due to its potential for rapidly generating flow field

predictions in different geometries at a relatively low-cost [5][6].

The initial models only considered the time-averaged concentration,
temperature and density information, but the influence of the
fluctuation intensities on the reaction rate was neglected [7].
Segregation intensity models and, lately, the probability models
were developed [5][8]. Originally, the verification of the models for
reaction rates was made for gaseous combustion reactions in
turbulent flows. Nevertheless, there are differences between mixing
of reactants in a gas and a liquid phase. When modelling reacting
flows these differences must be considered. The coefficient of
molecular diffusion is much larger in gases than in liquids, so the
Schmidt number§9 in the gas phase is small&c(~ 1) than in
liquid phase $c >> 1) typically aboutSc = 1000. Another
difference is the density variation of the gas phase, so gas phase
density is more sensitive to pressure and temperature variations
[3][9]. Baldyga and Bourne [3] considered the specific features of
turbulent mixing for flows aSc>> 1 in Multi-Time-Scale (MTS)
model. However, reaction rates models in liquid flows are basically
used forSc~ 1 with specific constants, e.g., modifications of Eddy-
Dissipation-Concept (EDC) model [3][9].

Pohorecki and Baldyga [10] carried out experiments in a tubular
reactor and confirmed the existence of two different mixing zones
in the reactor: the zone of complete segregation and the dissipation

zone. Hannonet al [11] used the experimental results from
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Pohorecki and Baldyga [10] to check two different chemical
reactions models; the Finite-Rate Combustion model, which it was
not able to predict the reaction-zone length, and a Presumed-
Density-Function (PDF) Multi-Scale-Mixing model. The latter
could predict the reaction-zone length using the beta-PDF

(instantaneous concentrations).

Fabregatet al. [12] performed and analysed direct numerical
simulations of a second-order chemical reaction with a Damkholer
number and Schmidt numbeBDa = 1 andSc = 0.7, in an
incompressible fully developed turbulent plane channel flow at a
low Reynolds numberRe = 180). An additional non-reactive
scalar T) was added in the numerical simulation in order to use it as
marker of the non-reactive mixing. The reactive plume was formed
when a reactanA was released through a line source into the

channel flow doped with reactant B

In Chapter 2 we analyse the degree of macro- and micromixing of
turbulent flow and the large and the small structures responsible for
the fluctuations of the different scalars when a second-order
chemical reaction takes place. A database of DNS [12] of reactive

flow in a plane channel is used for this study.

In order to analyse chemical reactions experimentally, the Particle
Image Velocimetry (PIV) and Planar Laser Induced Fluorescence
(PLIF) techniques are used. The PIV technique quantifies the
velocity fields of the flow and the PLIF technique estimates the

degree of mixing or concentration fields of reactive and non-
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reactive flows [1][13]. As it is mentioned before, the great majority
of authors perform their experimental and computational studies in
turbulent regime [1][14].

Fukushimaet al. [15] investigated the mixing of a passive scalar
contaminant with a surrounding fluid in a turbulent free jet. The aim
of this study was to obtain a reference data set for investigations of
chemically reacting turbulent jets. The main interest was the
validation of radial and axial turbulent fluxes of the passive scalar.
For this reason, the measurements were carried out using a
combined PIV and LIF (Laser Induced Fluorescence) techniques.
The validation of the results was made by comparing the
measurements with direct numerical simulations, with velocity
measurements and with the results of measurements with combined
PIVILIF, PTV (Particle Tracking Velocimetry)/LIF and LDV
(Laser Doppler Velocimetry)/LIF. It was found that the velocity
fields have good agreement with previous results. However, it was
observed some scatter in the axial turbulent flux and an

axisymmetric profile in the concentration fluctuation.

Hjertageret al. [1] investigated, experimentally and numerically, a
fast chemical reaction in a turbulent liquid flow in a channel. The
experimental techniques used were PIV and PLIF. The aim of this
work was to provide experimental data for validation and to validate
CFD models for fast chemical reactions in turbulent liquid flows.
The turbulent flow was modelled by solving the 2D Reynolds-
Averaged Navier-Stokes equations in combination with the standard

k-g turbulence model. Hjertaget al. tested three different reaction
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models: the standard eddy dissipation model (EDC), the eddy
dissipation concept modified by the multiple time scale turbulent
mixer model (EDC-MTS) and the multi-peak PDF model using 5
peaks. They found that the EDC model developed for combustion
reactions was inadequate for chemical reactions in liquids. The
EDC-MTS model gave a substantial improvement. Overall, the
multi-peak PDF model was the better option. However, they
reported significant differences in the maximum product
concentration and in the minimum product concentration in

different zones of the channel length.

Previous studies [1][15] have shown that the analyses of
concentration fields in turbulent mixing by means of experimental
PIV and PLIF techniques and numerical simulations are not
straightforward and in some cases the comparison of results

obtained with both approaches are not in good agreement.

One of the objectives of this study is the development of an
experimental technique to simultaneously measure the velocity and
concentration distributions in liquid reacting flow systems. For this
purpose, and as first step, a laminar steady flow configuration has
been selected. The application of this approach to turbulent flow is

left for future investigation.

Confined flows have a great interest both in basic research and on
diverse technological applications. From the industrial point of
view, for example, the formation of different flow structures within

the fluid can promote or avoid the mixing process. In these sense
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cylindrical lid-driven cavities have been extensively studied,
numerically and experimentally, in the last 30 years
[16][17][18][19][20][21][22][23][24]. The laminar flow behaviour

has been analysed in [16][21] and the velocity fields and the
formation of vortices have been studied even using the PIV
technique [25]. Although the flow field in the laminar regime has
been characterized some aspects of the structure of the vortex
breakdown, which appears under certain flow conditions, have

produced some controversy in the literature.

The first comprehensive experimental study of the cylindrical lid-
driven cavity was carried out by Escudier [16] who analysed the
flow in a vertical plane and obtained the phase diagram of the
visualized flow pattern depending on the Reynolds number and the
aspect ratio of the cylindrical cavity. Lopet al. [17] performed
simulations in agreement with the visualizations reported by
Escudier [16].

Spohn et al. [21] carried out experiments and their flow
visualizations showed asymmetric vortex breakdown structures at
all Reynolds numbers although the cylindrical cavity was nearly
perfectly axisymmetric. Previous studies [26] indicated that the
origin of the observed asymmetry of the flow can be attributed to
the visualization techniques used to highlight the flow structure of
the vortex breakdown. Spohat al. [21] demonstrated, using
fluorescent dye and the electrolytic precipitation method, that the
asymmetry of the flow was not caused by the visualization

technigues. Theghowed that their results were in agreement with
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to those reported by Escudier [16], but showed details of the flow
structure which were not captured with other visualization
techniques. Numerical studies reported in [17][18][19] showed an
excellent agreement with the experimental visualizations of [16].
However, details of the vortex breakdown as observed by Sgtohn
al. [21] were not correctly predicted by these simulations.
According to Spohnet al. [21] the assumption of a perfectly
axisymmetric steady flow, as considered in the simulations, implies
a closed vortex breakdown structure without fluid exchange
between the outer secondary flow and the vortex breakdown. In
contrast, their experimental visualizations revealed an open vortex
breakdown structure with flow exchange with the outer secondary

flow.

Sotiropouloset al. [22] reproduced numerically the asymmetries of
the flow observed by Spohet al.[21]. The numerical simulations
were carried out in transient mode even the low Reynolds number
considered. The Lagrangian tracking of fluid particles near the
vortex breakdown revealed that asymmetries are notable at the very
early stages of the vortex breakdown formation with an uneven
distribution of the fluid particles along the vortex breakdown flow

structure.

Brgnset al. [23] performed 3D numerical simulations of the flow

with two independent perturbations, an inclination of the horizontal
fixed wall of the cylinder and an axial displacement in the rotating
wall. They showed that a very small displacement of the axis of

rotation can reproduce the asymmetries of the flow observed by
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Spohnet al. [21] and indicated that the origin of the asymmetric
flow visualizations can be attributed to small imperfections of the

experimental setup.

Chapter 3 considers the experimental and numerical analysis of a
laminar, confined and reactive flow in a cylindrical lid-driven cavity
with a rotating endwall. The lack of information about confined,
reactive and laminar flows makes this study interesting, taking into
account that even the flow is laminar the system exhibits vortex
breakdown phenomena [16]. It should be noted that even the
laminar flow can be less attractive from the industrial point of view
it allows a simpler comparison between the experimental and
computational results than in turbulent flows and, furthermore,
allows the validation of the experimental techniques. The steady
laminar flow in a cylindrical lid-driven cavity enables us to focus in
the analysis of the chemical reaction and in the simultaneous

applications of the PIV and PLIF techniques.

As a first step to analyse enzymatic reactions in microchannels
[27][28], the last part of this thesis considers the deposition rates of
magnetic beads on the walls of a microchannel produced by the

effect of a permanent magnet.

In the last years, magnetic micro-beads are widely used for medical
diagnostics, pharmaceutical research and biological research.
Specifically, these studies deal with the isolation of specific cells

for immunomagnetic assays, separations of proteins, targeted drug

delivery and application of mechanical forces to cells [29].

10
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Magnetic micro-beads can be easily immobilized to using
permanent magnets. This is why they are an attractive alternative to
traditional monolithic microfluidics that needs complex structure
for wall reactions. Magnetic particles can be washed away from the
channel unlike monoliths which are more or less permanent.
Furthermore, the magnetic forces exerted on magnetic beads can
improve their mixing, focus particles for immunoagglutination

assays, and serve as a detection mechanism for immunoassays [30].

Wang et al. [31] presented a technique to capture and separate
biomolecules using magnetic bead movement on a chip. The
microchip consisted of two well reservoirs connected via
microchannel. Different magnet velocities were tested to move the
magnetic beads between the two wells. The magnetic beads used
were spherical superparamagnetic streptavidin coated Dynabeads®

M-280. Enzymatic reactions were employed to test the microchip.

The particles can have different magnetic properties, such as
ferromagnetism, paramagnetism and  superparamagnetism.
Ferromagnetic materials are those which become magnetized in a
magnetic field and retain their magnetic properties when the

magnetic field is removed. On the other hand, in paramagnetic
materials once the magnetic field is removed their magnetism
disappears [32]. Superparamagnetic materials have a type of
magnetism that occurs in small ferromagnetic particles.

Superparamagnetic particles have a short relaxation time, that is, the

time in which magnetization goes to zero after the effect of an

11
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external magnetic field. Therefore, their magnetic moments are

quickly reoriented [33].

In Chapter 4, the magnetic micro-beads deposition rate on the walls
of microchannel is analysed. The micro-beads deposition is induced
by a permanent magnet. Two different types of magnetic micro-
beads are tested: SPHERO™ Carboxyl Magnetic and Dynabeads®
M-270 Carboxylic Acid. The SPHERO™ beads are paramagnetic
beads and are prepared by coating a layer of magnetite and
polystyrene onto monodispersed polystyrene core particles [32].
Dynabeads® particles are uniform, monosized superparamagnetic
beads coated with a hydrophilic layer of glycidyl ether, followed by
further coating with carboxylic acid groups [34]. It is reported the
morphology of the micro-beads cluster that deposit on the
microchannel wall at different flow rates. This study addresses
experimental and numerical aspects of the micro-beads deposition.
Additionally our results open the prospect for further analysis such
as the enzymes immobilization on the magnetic beads surface and
the corresponding kinetic enzyme reaction study in the

microchannel [35].

12
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Chapter 2

2. Chemical Reaction in a Plane Turbulent
Channdl Flow

Fabregatet al. [12] performed and studied direct numerical
simulations of a second-order chemical reaction with a Damkhdler
number and Schmidt numbeDa = 1 and Sc = 0.7, in an

incompressible fully developed turbulent plane channel flow at a

low Reynolds number Re. = 180). An additional non-reactive

scalar {T) was added in the numerical simulation in order to use it
as marker of the non-reactive mixing. The reactive plume was
formed when a reactamlh was released through a line source into

the channel flow doped with reactait.

The objective of this chapter is to analyse the degree of macro- and
micromixing of turbulent flow and the large and the small structures
responsible for the fluctuations of the different scalars analysed
when a second-order chemical reaction takes place. A database of a
DNS of the reactive flow in a plane channel [12] is used to perform

this study.
2.1. Physical and Mathematical M odel

The channel configuration consists in two parallel, infinite and

smooth walls separated a distarige= 29, whered is the channel

13
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half width. The fluid flows between these walls driven by a constant
mean pressure gradient along the streamwise direction. Figure 2.1

shows a schematic representation of the computational domain.

The coordinate system origin is located at p@niThe streamwise

(x) and spanwise Y() directions are considered homogeneous in
terms of momentum transport. The spanwise direction is also
considered homogeneous for the mass transport. The concentrations
of the chemical species are imposed at the channel inlet and
advective boundary conditions are used at the outlet. The reactant

A is released through a source line with sizé_2= 0.49 . The

source is located at the inlet of the channel and it is centered

between the walls (see Figure 2.1).

Figure 2.1. Schematic representation of the computational domain with

dimensiond, XL xL,=8mx 20 x 20 . The domain is discretized using a

staggered grid with a resolution of 258x130x130 control volumes.

The reactantB is opened up near the walls of the channel. It is
analysed the segregated case considered by Faleteglaf12], in
which reactantB is not found in the feed oA and reactantA is

not found whereB enters the channel. The second-order chemical

14
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reaction between the two reactan®& @nd B) to form a product

(C) is indicated below.
A+B - C (2.1)

The flow is assumed to be incompressible, isothermal and the fluid
properties, constant. The continuity equation for an incompressible

flow is:

=0 (2.2)

where U =u,v,w are the velocity components along the
streamwise x), spanwise y¥) and wall-normal direction A),
respectively. Usingd, u, and C,, as space, velocity and mass

concentration scales, respectively, the non-dimensional momentum

and mass transport equations are:

ou’

* 0u U
I + L -
ot

= —@+i azui*
X 0X Re 6>§6>§

J

(2.3)

*

oc, ,0Cu _ 1 o,
ot 0X; Re ScdXd X

J

+(20,,-1)DaC,C,  (2.4)

where J,,is the Kronecker's delta witr = 1, 2, 3 for the

chemical specieA, B and C, respectively. The first term on the

right-hand side of Equation 2.3 is the non-dimensional averaged
pressure gradient imposed along the streamwise direction. The non-
dimensional parameters in Equations 2.3 and 2.4 are the Reynolds

15
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number, the Schmidt number and the Damkholer number for a

second-order chemical reaction. The Reynolds nuniRer, is set

to 180 (Rg = 5452) andSc and Da are set to 0.7 and 1,
respectively. It is assumed that the coefficients of molecular

diffusion are identical forA, B andC ,soD, = D; = D, = D.

The transport equation (Equation 2.5) of a conserved schlahds
been also solved simultaneously to the momentum and mass
transport equations (Equations 2.2-2.4) to determine the effect of

the turbulent mixing in the chemical reaction.

oT OTu _ 1 07T
ot 0x, Re Scdxd X

J

(2.5)

The boundary conditions for the conserved scalare the same as
those of the reacting specid. Equations 2.2-2.5 constitute the
mathematical model of the DNS of incompressible flows with
constant physical properties. Alternative approaches to simulate
reactive flows are the numerical resolution of the modelled time-
averaged transport equations [3][5] and the methods based on the
solution of the modelled transport equations for the velocity-
composition joint PDF [36].

The reaction is assumed to occur under isothermal conditions. The

concentration of the reactantA at the source is
CZO:C*A(O,Q,iI—L,’t )=10z0 [-H,,H,] and C;(O,y* ,2,1)=0

UzO [-Hg, H]. The concentration at the inlet for reactesit is

16
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*

C,=C,0,y.,£H,t)=000z O  [-H,H]  and
C.(0,y ,z,t)=0 Oz O [-H_,H.]. The concentration of the

product C at the inlet is zeroC,,=C.(0,y,z,t)=0. The

concentration of the non-reactive scaldr, at the source is the

same of reactanfA . The concentration fields have been initialized
asC, =0, C, =0.05,C. =0 andT = 0. The database analysed in

the present study contains the time-evolution of the velocities and
scalars in each grid node of the computational domain when the

flow and the concentration distributions were statistically in steady

state. The record has 4200 time steps € 5-10° J/u,) that

correspond to a total time of 2&/u,. More details about the

boundary conditions and control volumes can be found in Saticho
al. [14].

2.2. Mixing Contribution

The time evolution of the fluctuations of the concentration of the
species at each grid node have been used to evaluate the degree of
macro- and micromixing. As an example, Figure 2.2 shows the time

evolution of the fluctuations of concentration of the reactive scalar
A for t <5 J/u, at the positionx’ = 4.8,y =0 andz = 0.25.

The large frequency component of the signal corresponds to the
small-scale fluctuations of the flow (Figure 2.2c) and, consequently,
it can be assumed that these fluctuations are linked with the
micromixing. On the other hand, the small frequency components
of the fluctuations can be associated with the large-scale structures

17
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of the flow and they can be related to the macromixing (Figure
2.2b).

Small-scale

Figure 2.2. Time-evolution of a) fluctuations of the dimensionless concentration
of A, b) large-scale fluctuations of the dimensionless concentratigh ahd

c) small-scale fluctuations of the dimensionless concentratioh at X' = 4.8,

y =0andz =0.25.

The small and the large-scale contributions can be separated to
determine the role of the macro- and micromixing in the chemical
reaction. The separation of the scales has been carried out in the
frequency domain using a wavelet filter. As an example, Figure 2.3

shows the spectrum computed with the complete time evolution

18
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(0<t<219/u,) of the signal shown in Figure 2.2a corresponding

to the fluctuations ofA at X = 4.8,y =0 andz = 0.25. The
cutting frequency of the filter has been set within the inertial
subrange € = 15 u,/J) and the resulting large-scale and small-
scale spectra are shown in Figure 2.3. The wavelet decomposition
used satisfies that the sum of the two spectra and of the two
decomposed signals equals the original spectrum and the original

signal, respectively.
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Figure 2.3. Spectra of signals shown in Figure 2.2. The cutting frequency used for

the separation i = 15u,/d.

The division of the spectra into two regions allows the calculation

of the time evolution of the large-scale fluctuations and the time

19
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evolution of the small-scale fluctuations for the scalars. Figures
2.2b and 2.2c show, respectively, the large-scale contribution and
the small-scale contribution for the signal shown in Figure 2.2a. To
quantify the contribution of each scale to the mixing for the
different variables ¢), their variance has been computed (Equation

2.6). Figure 2.4 shows the total variance and the variances of the

small and large-scale fluctuations ofC, scaled with

02/[62(1—5\)] which has a value between 0 and 1; notice that
0’2/[C_;(1—EA)} represents the largest possible value of the

variance for givenC_;. Figure 2.4a corresponds to the centerline

(Z = 0) of the channel and Figure 2.4b to the position= 0.25,
which is near the concentration mixing layer located’at 0.20.
The variances have been averaged along the spanwise direction.

N

0—2:%-;(44—&;)2 (2.6)
As expected, at the center of the chanmelz= 0, (Figure 2.4a), the
variance is lower than at the mixing layef, = 0.25, (Figure 2.4b).
It can be observed in both plots that the total variance is similar to
the variance of the large-scale fluctuations, being almost equal at
the end of the channel, indicating that only the large-scale flow

fluctuations produce fluctuations of the concentratiorof
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Figure 2.4. Variance of concentration 8f normalized Withaz/[C_;(l— C*A)} .

a) At the centerline of the channed (= 0) and b) near the interface of the

concentration mixing layerd = 0.25).

The small-scale and the large-scale mixing contributions, defined in
Equations 2.7 and 2.8, of the reactive scalarsB and C at the

centreline ¢© = 0) are shown in Figure 2.5.
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It can be seen that the small and the large-scale at the inlet of the
channel contribute equally to the total variance. Along the
streamwise direction the large-scale contribution increases and near
the outlet the contributions of the large-scale and small-scale
fluctuations of the concentrations are about 90% and 10%
respectively. The mixing contribution of velocities can be seen in
Sancho et al. [14].
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Figure 2.5. Mixing contribution of reactive scalars at the centerline=(0).

Figure 2.6a shows the comparison of the time averaged profiles of
the reactive A) and the conservedl () scalar atz = 0. Note that

the reactive scalaA and the non-reactive scaldr have the same
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inlet conditions and the only difference between them is their

behaviour in the chemical reaction.

It can be seen that the small difference found at the outlet
corresponds to the small conversion Af (5%) obtained for the

conditions considered.
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Figure 2.6. a)Time-averaged concentration at the centertine Q) of reactive

scalar A and non-reactive scalaf J. b) Mixing contribution of A andT.
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The mixing contribution forA and T (Figure 2.6b) are almost
coincident for the two variables indicating that the chemical
reaction has not an important effect in the mixing, which is
completely dominated by turbulence. This can be explained also
taking into account that the small-scale, defined here using cutting
frequencyf, =15u,/J, has a Damkholer numbéda, = Dg/ f, . This

means that this reaction is very slow to small-scale and can be used
as a test system for large-scale only, as small-scale effects on

reaction are negligible.
2.3. Analysis of the Flow Structures

The spatial distributions of the velocity and concentration fields is
also analysed on the plangz at X = 3 where, on average, the
reactants are mainly segregated. The database used contains the
time evolution during 4200 time steps of the three components of
the velocity vector and the three reactive scalars on this plane. This
period of time corresponds t6 = 21 J/u,. It is applied a
conditional pattern recognition technique based on the detection of
extreme values of the large-scale fluctuations and of the small-scale

fluctuations of reactive scalah to obtain the ensembles average of

the flow structures responsible for these fluctuations.

Figure 2.7 shows a sketch of the steps of conditional sampling
procedure used for the selection of the events. The first step consists
on the computation of the cross-correlation between a template, see

Sanchoet al. [14], and the instantaneous spatial two-dimensional
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distributions of the large-scale or of the small-scale fluctuations of

Ain the planex” = 3 for all the recorded time steps.

Correlation coefficients
2D matrix

Template
t+nAt \‘ ‘

oAt [ j :

cross-correlation

t+At [
z t v
J L
y t N i

Instantaneous distributions of large or
small-scale fluctuations of A at x"=3

Ensemble average of
large or small-scale
fluctuations of A

Figure 2.7. Steps of the conditional sampling procedure.

It can be seen in Figure 2.7 that the correlation coefficients,
obtained for a given template, are stored in a two-dimensional
matrix (i.e., a vector for each time step). The regions where local
maxima of correlation occur conforms areas that are elongated in
time, according to the time history of the values of large-scale
fluctuations and small-scale fluctuations Af. In these areas, only

the time at which the absolute maximum of correlation occurs is
selected as an event for averaging. The use of two sets of templates
produced the detection in the database of 714 events corresponding
to the large-scale fluctuations and 413 corresponding to the small-
scale fluctuations. The large-scale events explain 27% of the time
evolution while the small-scale events represent about 11% (i.e. a
total of 38%). The mean duration of the events and the computation

of number of events can be seen in Sarattad. [14].
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When an event occurred, the flow and the concentration fields are
sampled in a box with a streamwise extension of 2.50<3.80 to
educe the flow structures responsible for the large and the small-
scale fluctuations of A. The flow topology of large-scale
fluctuations of A is depicted in Figure 2.8 in terms of the

isosurface of a negative value of the second largest eigenvalue of
the velocity gradient tensori{), a quantity proposed by Jeory

al. [37] to detect the occurrence of vortex cores.
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Figure 2.8. Conditionally sampled flow responsible for the large-scale
fluctuations of A . Flow topology A in terms of the isosurface

A, Min( A,) =-0.39. a) 3D view and b) top view.
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The contours of the fluctuations & and C are shown in Figure

2.9a and 2.9b together with the in-plane velocity field. Note that the
time-averaged streamwise velocity profile has been subtracted from
the conditional sampled flow and the streamwise scale of the plots
in Figure 2.8 and Figure 2.9 has been enlarged in comparison with

the spanwise and normal to the wall scales.

As it can be seen in Figure 2.8 the conditional sampled flow
structure responsible for the large fluctuationsfAfhas a hairpin
shape. The legs of the hairpin are inclined about 35° ixzhglane

(see for example Figure 2.9a) and they cross the top mass transfer
mixing layer. The head of the hairpin located at the center of the
channel ¢ = 0) generates, in terms of velocity fluctuations, a large
recirculation. In terms of absolute velocities this recirculation
corresponds to an acceleration of the flow at the bottom of the head
and a deceleration at the top of the head (see Figure 2.9a). The
corresponding fluctuations oB, not shown for sake of brevity,
follow the inverse trend (i.e. large positive fluctuation®fin the

top mixing layer and a large negative fluctuation in the bottom one).
The fluctuations ofC are shown in Figure 2.9b. It can be seen that
the top negative/positive fluctuation @k/B, located atz" > O,
produces a negative and a positive fluctuatioirCafAt z© < 0 the

excess ofA produces a negative and a positive fluctuatio of
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Figure 2.9. Side view of the flow topology shown in Figure 2.8. Contours of the
dimensionless large-scale fluctuations of a) reactive sealand b) reactive

scalarC.

Figure 2.10 shows the conditional sampled flow in the vertical
plane y = 0 in terms of contours of the small-scale fluctuations of

A and C and the in-plane velocity vectors. Note that the time
averaged streamwise velocity profile has been subtracted from the
conditionally sampled flow.

28



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND NUMERICAL ANALYSES OF FLOW-LIMITED CHEMICAL REACTIONS IN LAMINAR AND
TURBULENT REGIMES.

Irene Sancho Conde I. SanchoDoctoral ThesisURYV, Tarragona 2015
Diposit Legal: T 994-2015

Y N T .

cv, -0.2 -0.15 -01 -005 0 005 01 015 02 g5 5

==
2 5

'J.‘: 7

C*. -0.0002 -0.0001 0 0.0001 0.0002 0.5

C:

/B ((£a\\§

@YY AN & S

Figure 2.10. Contours of the dimensionless small-scale fluctuations of a) reactive

scalar A and b) reactive scaldc .

It can be seen in Figure 2.10a that, in the case of small-scale
fluctuations of A, the flow structure consists in a periodic
distribution of counter rotating eddies along the streamwise
direction that are located in the central part of the channel and
convect flow from one mass transfer mixing layer to the other one.
The pattern of the contours of concentration Af(Figure 2.10a)
consist in a periodic distribution along the streamwise direction of
three pair of lobes that alternate sign. Each pair of lobes, composed
by a positive and a negative region distributed along:tdéection

is produced by a flow structure that convects flow from one mixing
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layer to the other one, in a similar way, but with a smaller length
scale, than the flow structure shown in Figure 2.9a responsible for
the large-scale fluctuations of concentration. The same happens
with small-scale fluctuation ofC (Figure 2.10b) but instead of
being pairs of lobes like Figure 2.10a, there are four lobes, two
positives and two negatives regions, that alternate sign. Negatives

lobes indicate the presence of unreactiveor B .

2.4. Conclusions

In this study a database of a direct numerical simulation of the
reactive flow in a plane channel is analysed. One reactant is
introduced in the central region of the channel and the other near the
walls of the channel. This distribution generates two mass transfer
mixing layers distributed symmetrically with respect to the center of
the channel. The time evolutions of the fluctuations of concentration
have been decomposed into a large-scale and a small-scale
contribution, using a wavelet filter. The small and the large-scale
fluctuations at the inlet of the channel contribute equally to the total
variance. Along the streamwise direction the large-scale
contribution increases and near the outlet of the channel the
contributions of the large-scale and small-scale fluctuations of the
concentrations are about 90% and 10%, respectively. The flow
structure responsible for the large-scale fluctuations of
concentration in the mixing layers has a hairpin shape. The head of
the hairpin produces an intense flow entrainment in the mass
transfer mixing layers. The flow structure of responsible for the

small-scale fluctuations consist in a periodic distribution along the
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streamwise direction of counter rotating eddies that are located in
the central part of the channel and convect flow from one mass

transfer mixing layer to the other one.
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Chapter 3

3. Chemical Reaction in a Confined

Laminar Flow

The aim of this chapter is to analyse, experimentally and
numerically, an axisymmetric, confined, reactive and laminar flow

in a cylindrical cavity with a rotating endwall.
3.1. Experimental Setup

The experimental setup consists of a polymethyl methacrylate
(PMMA) cylindrical container with an inner radius & = 0.04 m

and with a rotating wall at the top, see Figure 3.1. The rotating wall
is driven by an electronically controlled DC motor, operating at
angular velocities betweetw = 5 andw = 25 rad/s. These angular
velocities correspond to Reynolds number (Equation 3.1) between

1000 and 2300. The aspect ratio of the cavity is set/fR = 2.

C(RZ
vV

Re=

(3.1)

where w is the angular velocity (rad/sR is the radius (m) andis

the kinematic viscosity (~10m?/s).

33



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND NUMERICAL ANALYSES OF FLOW-LIMITED CHEMICAL REACTIONS IN LAMINAR AND
TURBULENT REGIMES.

Irene Sancho Cond€hapter 3: Chemical Reaction in a Confined Laminar Flow

Dipodsit Legal: T 994-2015

DC Motor

T

e

/-_-
L
— __-',
- ——— B -
e

T

Base S{D}ution

|
R=004m

H=008m

|
|
|
2

.
- X ™

Acid solution inlet
vy = 0.0032 mis

Figure 3.1. Sketch of the experimental setup.

The chemical reaction considered is a fast irreversible neutralization

acid-base reaction, i.e.:

CH,COOH+ NH OH— CH COONH+ H(  (3.2)
A+Bo C+D (3.3)

The reaction constantK() is of order 18 m*¥mol-s [1] and the
concentration of the Acetic AcidX) and Ammonium Hydroxide
(B) are, respectively, 0.1 M and 0.01 M. The base soluti®hi$
initially inside the cylindrical cavity. The acid solutioPAj is

introduced in the cavity through the bottom inlet of 3 mm of
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diameter with a syringe pump (CHEMYX Fusion 100). The
velocity inlet of the acid solution i%, = 3.2 mm/s. This velocity is

50 times smaller than the average velocity of the rotating top wall
for Re = 1000 and it does not affect significantly the velocity
distribution imposed by the rotating wall, see section 3.3.3. The acid
solution is introduced to the cylindrical cavity when the flow is in
steady state, after 5 minutes, during 30 minutes and the total volume
Is 40 mL, see section 3.4. The total volume of the base is 400 mL,
so at the end of the experiment the base solution would be totally

consumed if the reaction would be complete.

The fluid is a water-glycerine (60% v/v glycerine) solution of acid

and base with kinematic viscosity ~ 10° m?/s and density

£ ~ 1100 kg/m. To eliminate shadows and interference effects in

the images due to curvature of the cylindrical wall, the container is
immersed in a rectangular box filled with an aqueous solution of
60% v/v of glycerine, with the same viscosity and density as the
reacting mixture. The solution and PMMA have similar refractive

indexes (7D,glycerind30%=1'42 [38] and7y pywa=1.49 [39]). Figure 3.2a

shows a picture of the cavity inside of the rectangular box and

Figure 3.2b shows a picture of the experimental setup.
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Figure 3.2. a) Picture of cylindrical cavity and rectangular box. b) Picture of the

experimental setup.
3.1.1. Light Source and I mage Acquisition

To perform the experiments detailed in section 3.1, an illumination

system and digital cameras are required.

The illumination system used in this work is a Nd: YAG
semiconductor laser (Monocrom MP532-3W), linearly polarized
with 532 nm wavelength. In the experiments it has been used in
continuous mode at 3 W. The optical system is composed of 2
lenses beamforming and another one to generate the sheet. The light

sheet is about 1 mm thick.

The images are recorded using two cameras: MotionPro HS-3 and
MotionProX3. Both cameras are equipped with a 1" CMOS sensor
with 1280 x 1024 pixelwith size 12 um. Each camera is equipped
with a zoom Sigma, 28 - 300 mm F 3.5 - 6.3 DG Macro.
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3.2. Experimental Techniques

The experimental techniques used are optical techniques widely
studied in the last years. In the following sections, a review of
Particles Image Velocimetry (PIV) (section 3.2.1) and Planar Laser
Induced Fluorescence (PLIF) (section 3.2.2) are explained. In
section 3.2.3 the simultaneous application of PIV and PLIF is
discussed.

3.2.1. Particle Image Velocimetry Technique

In the last years, different methods to measure the velocity fields of
the fluid have been developed using the digital image processing.
One of the most used methods is the Particle Image Velocimetry
(PIV). This method has the advantage of being no-intrusive, indirect
and accurate measuring the velocity fields of the fluid. The method
was developed by Adrian in 1984 [40]. In the following years the
method was generalized by various authors [41][42][43][44][45].

The basic experimental setup consists in illumining the fluid region
to be studied using a thin laser sheet and capturing, at least, two
consecutives images by a digital camera. In order to visualize and
measure the velocity fields of the fluid, the tracer particles have to

meet the following requirements [43].

» Have a particle density similar to fluid density.
* Be enough small to follow the fluid movement and not

interfere in it.
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» Be large enough to be able to reflect the light of laser sheet

and analyse the fluid movement.

The light scattered by the particles is recorded using a digital
camera, thus generate a series of images separated by a time interval
(At). An important condition for achieving optimal implementation

of the method is that the time between two consecutives images has
to be short enough so that the tracers particles appearing in an
image also appear in the next, and long enough, in order to
appreciate the particles movement. In Figure 3.3, it can be seen a

schematic arrangement for PIV.

Image Plane

D )
e

FIV Camera :'[-)J

lluminated Particles

Light Sheet
Light Sheet Optics

=
Laser

Figure 3.3. Sketch of Particle Image Velocimetry (PIV) arrangement.

The implementation of the standard algorithm of PIV is based in the
statistical method, allowing estimate the particles movement using a
cross-correlation. For this purpose, every image is divided in
subdivisions called interrogation windows. It is assumed that all
particles inside the interrogation window have a uniform movement
during the period of time between every image. In order to solve

flow structures smaller than interrogation window, the Local Field
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Correction Particle Image Velocimetry (LFCPIV) is used [46]. This

method has a remarkable capability to solve the small-scale
structures of the flow. The interrogation window has a typical size
between 8 and 128 pixels. Figure 3.4 shows up the conceptual

arrangement of PIV technique.

Frame 1

Interrogation window 1

Sy

» Cross-Correlation

L ]

- a
,/ Interrogation window 2
EIEEREEE
/
HEENEE

Figure 3.4. Conceptual arrangement of Particle Image Velocimetry (PIV)

technique.

In this study, the image processing has been made through a Matlab
program set of routines by means of simple algorithms. The
program consists of one main Matlab GUI that calls the several
external files. This PIV Matlab package has been developed by
several members of ECOMMFIT group. The Matlab GUI contains
many options which can be changed for the necessary conditions of
the flow and the image properties. Some of these options are related
with higher methods that improve the performance and accuracy of
the PIV technique. The most important options are explained in
[44].
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Therefore, to obtain the velocity fields of the flow, the PIV
technigue has been used [42][45][46]. The measurement procedure
is based on the cross-correlation of the three consecutives images,
improving the peak detection in comparison with the usual cross-
correlation of the two consecutives images [47]. The interrogation
window has a size of 32 x 32 pixels with an overlapping of 16
pixels. The particles used are neutrally buoyant alginate particles
(see section 3.2.1.1 for details about particles). A vertical green
laser sheet of 3 W, with 1 mm of width is used as illumination
system, see section 3.1.1. The sheet is focalised in two positions, the

vertical and the horizontal plane. The vertical plane is focalized
along thex and z-direction aty =0 (y = y/ R). The horizontal

plane is situated at different axial positiorzs Y along thex and 'y
-direction. The PIV camera is a MotionPro HS-3 (see section 3.1.1)
and is placed creating an angle of 90° with the laser sheet, see
Figure 3.5. The images are recorded at 100 frames per second
corresponding to 800 x 800 pixels window size. Figure 3.6 shows

images captured during PIV experiments.

_ —

ok PC
b . DC Motor Power

Green Laser 532 Supply

I

1

| nm 3W

I :

: - x Laser Power
i 2 Supply

: Syringe Pump

Figure 3.5. Sketch of the experimental setup of PIV experiments.
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Figure 3.6. Images captured during PIV experimenReat= 2000. a) Colour

digital camera and b) PIV camera.

3.2.1.1.Tracer Patrticles

The particles used for PIV are neutrally buoyant alginate particles
of diameter between 50 and 100 um. The particles have been
functionalized with rhodamine [48]. Rhodamine B has the peak
absorption (excitation) at wavelength around 555 nm. The emission
occurs at the wavelength around 575 nm. Figure 3.7 shows the

absorption and emission of rhodamine B [49].
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Figure 3.7. Absorption and emission wavelength of rhodamine B.
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3.2.2. Planar Laser Induced Fluorescence Technique

Planar Laser Induced Fluorescence (PLIF) is an optical technique
that has been extensively used for flow visualization and
guantitative measurements such as species concentrations or
temperature. A good description of the principles of the technique
was made by Walker (1987) [50]. Therefore, a brief description of

the technique is made in what follows.

The flow to be studied is stained with a dye (fluorescent tracer).
Using a light source (laser) the fluorescent dye is excited. Part of
the laser light is absorbed (energy) and, in turn, part of the absorbed
energy is spontaneously re-emitted causing fluorescence. PLIF is a
two-dimensional technique, the laser light is a sheet. A CCD camera
Is used to detect the emitted fluorescence signal and to provide an
instantaneous spatial distribution of the dye
concentration/temperature across the imaged area of the flow field
[43][51]. The sketch of the PLIF arrangement is practically equal to
that showed for PIV arrangement (Figure 3.3), the main difference
is that in PLIF technique the fluorescence intensity is recorded

instead of tracer patrticles.

The PLIF technique for analysing concentration in non-reactive
flows can be extended to measure concentration in an acid-base
reactive flow using a pH-dependent dye (see section 3.2.2.1). The
concentration of the reactive species can be measured using the
dependence of the fluorescence dye on the pH [1][52], see Section
3.2.3.
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The pH-dependence of the dye can be used to measure either
reactants or product in an acid-base reaction. If the dye is added to
the acid and it is injected into a base, the dye is “turns on” by the

increased pH produced by the acid-base reaction. In this case, the
concentration of the product can be measured. On the other hand, if
the dye is added to the base and it is injected into an acid, the dye is

“turns off” allowing the measurement of reactants concentration.
3.2.2.1.Properties of pH-Dependent Dye

The pH-dependent dye used in this work is the sodium fluorescein
(CooH120s5). It has peak absorption (excitation) at wavelength
around 490 nm. The emission occurs at the wavelength around 515
nm. Figure 3.8 shows the absorption and emission of sodium
fluorescein [53].
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Figure 3.8. Absorption and emission wavelength of sodium fluorescein.
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3.2.3. Simultaneous PIV and PLIF Techniques

The simultaneous application of PIV and PLIF techniques, allows
the obtaining the velocity and the concentration fields of the flow at
the same time. Figure 3.9 shows the experimental setup for

simultaneous PIV and PLIF techniques.
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| Green Laser

| nm 3W Supply
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Figure 3.9. Sketch of the experimental setup of simultaneous PIV/PLIF

experiments.

The PIV technique is used to estimate the velocity fields and the
PLIF technique to estimate the concentration fields of the flow
[50][51][54]. As it has been mentioned in section 3.2.2.1, the
fluorescent dye used is sodium fluorescein which it is a pH
dependent dye, so its fluorescent intensity changes along
neutralization reaction allowing the determination of the

instantaneous concentration using a calibration, see Figure 3.10.

For the calibration, the acid solution with the dye is added to the
base solution until the equivalence point is reached, i.e. the mols of
acid equal the mols of base. The light intensity for different values
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of the molar fraction of base is shown in Figure 3.10a and the
corresponding values of pH are plotted in Figure 3.10b. It can be

seen that the maximum of intensity is observedXat= 0.57
(pH = 8). For X; < 0.57 the data have been fitted with an

exponential function (red line) and fo¢ > 0.57 zone with a second
order polynomial (green line). In the present analyses, the
concentration fields are estimated using the calibratiofy &t 0.57,

because the acid-base reaction is studied in the early stages when, in

most of the visualized section of the cylindrical cavity, the local
molar fraction of base is in the rangg > 0.57. It should be noted

that, according to Figure 3.10a, a single value of intensity
corresponds to two different values of molar fraction of base and

that the quantitative determination of the concentration of base has

to be restricted to regions in which the base is in excgss 0.57).

In order to calculate the concentration of the product)(the
Equation 3.4 [1] is used. A base molar fractiog)( of 0.57
corresponds to the maximum product concentratiog () that

can be experimentally measured. On the other hand, a base molar

fraction (Xg) of 1 corresponds to no product concentraticg,).

Co=gr—=—1—° 3.4
c= ¢ (3.4)

C,max I max Ib

where C_ is the normalized concentration of the product (C+D),

Cc, is the instantaneous concentration of the product@ngd, is
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the maximum concentration of the product that can be measured

experimentally. In this case it correspondsXp= 0.57. |, is the
instantaneous intensity in grayscalg,, is the maximum intensity

in grayscale which occurs fox; = 0.57, andl, is the background

intensity in grayscale.
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Figure 3.10. Calibration of PLIF technique. a) Titration of acid solution +

dye in a base solution. b) pH of the solution during the titration.
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It can be seen in Figure 3.10b that the pH of the equivalence point

has a value between 7 and 8 which corresponds to base molar
fraction (Xg) of 0.57. In previous studies [1] the base molar fraction

corresponding to this equivalence point is 0.50. In our case, the

glycerine modifies the pH of the solution; therefore the equivalence
point is displaced.

The PLIF and PIV images are recorded using MotionPro X3 and
MotionPro HS-3 cameras, respectively. The two digital cameras
face each other. The laser is placed creating an angle of 90° with
respect the two cameras, see Figure 3.9. The images are
synchronized recorded at 200 frames per second corresponding to
800 x 800 pixels window size. A filter of 550 nm is added to the
PLIF camera to remove from the images the particles and to obtain

only the dye fluorescence, see Figure 3.11.
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Figure 3.11. Absorption and emission wavelength of rhodamine (RHO) and

sodium fluorescein (SF) dyes with the 550 nm filter.
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The PIV camera records both, the dye fluorescence intensity and the
light emitted by the particles functionalized with rhodamine. The
fluorescence of the PIV image is removed from the images by
subtracting the PLIF image from the PIV image. Figure 3.12 shows
examples of the original PIV and PLIF images and the
corresponding images after post-process.

Figure 3.12. PIV and PLIF images Be = 1000 and = 10 min. a) Original PIV

image with particles and signal of sodium fluorescein dye. b) Original PLIF
image, with some particles. c) Treated PIV image, after post-processing.

d) Treated PLIF image clean of particles and with only sodium fluorescein dye.
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3.3. Numerical Simulation

The governing equations assuming incompressible flow with

constant physical properties are:

pm =-0P+u0?V (3.5)
Dt
DC* * X
DtA =D,°C,-K,C,C, (3.6)
D‘ie =D,[°C,-K,C,C, (3.7)

The constantsK, and K, are, respectively,K, =KC;, and
K,=KC, . where K is the kinetic constant of the reaction
(K =10 m¥mol-s).C, andC; are defined a&, =C,/C,, and
C, :CB/CBO, respectively. o is the density of the fluid
(0 = 1100 kg/m) and D, and D, are, respectively, the diffusivity
of acid and base soluton Df = 1.2.1C0 m%s and
D, = 6.9-1F m%s). C, and C; are the concentration of acid and
base solution (mol/f, respectively.C, , is the concentration of

the acid solution in the inlet (100 moffm Cgo is the initial

concentration of the base solution in the cavity (10 nl/m

The simulations have been performed with the finite volume
commercial code Ansys Fluent v14.0 [55]. The SIMPLEC scheme
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is chosen for the Pressure-Velocity coupling. The spatial
discretization for gradient is least squares cell based and for
pressure and momentum is second order. The equations solved for
the two reactants are considered using defined scalars with their
source terms added with user-defined functions, as defined in
Equation 3.6 and Equation 3.7.

The critical Reynolds number for the boundary layer over a rotating
disk is aboutRe = 3-10 [56]. In the experiments, the Reynolds
number is relatively low for all cases, frorRe = 1000 to

Re = 2300, so a laminar stationary solution is first computed for
momentum and transient solutions are computed for concentrations.
The velocity fields are computed until the results are converged. In
the case of concentration fields, the second order unsteady forms of
the discretized equations are solved with a time step of 0.1 seconds
for all cases. Simulations with a time step of 0.05 seconds show a

very similar time evolution of the results; see section 3.3.2.
3.3.1. Mesh Independence Test

A mesh independence test with three different meshes has been
carried out. The meshes are formed by hexahedrons and have
boundary layers attached to the walls and around the inlet, see
Figure 3.13 and Table 3.1. Figure 3.14a shows the vertical velocity

component profile W, W =wWwR) along X-direction at
Z =0375@ =7 H)andy =0 (y =Yy/R) and atRe = 2300

for different grids. Figure 3.14b shows the profile of concentration
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of B along z-direction atx = 0.750 X =%/ R) andy =0 at the

same Reynolds number. It can be seen that mesh 2 and mesh 3 give

very similar results and therefore results have been computed with

mesh 2.
Table 3.1. Boundary layers (BL) parameters.
Firstrow  Grow  Number of  Depth
(mm) factor rows (mm)
BL along z-
o 0.1 1.2 18 12.8117
direction
BL cylinder
0.1 1.1 25 9.83471
center
BL top and
0.2 1.1 18 9.11983
bottom wall

Figure 3.13. Sketch of the boundary layers (BL) used in the meshes. There are
three zones: the BL along- direction, the BL in the center of the cylinder and

the BL in the top and bottom walls.
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,,,,,,,,,,,,, mesh 1 mesh 2 mesh 3
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0.025

-0.025

_005 ] 1 ]
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04r 1

O & 2 i ,""“‘.‘ ]

1.2

Figure 3.14. Mesh independence tesRat= 2300. Mesh 1: 0.36 Mnodes,
mesh 2: 0.68 Mnodes and mesh 3: 0.92 Mnodes. a) Mesh independence test of

velocity profiles alongx-axis atz = 0.375. b) Mesh independence test of base

concentration along the height of the cavityxat= 0.750 andy = 0.
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3.3.2. Time Step Independence Test

A time step independence test with two different time steps has
been carried out. Figure 3.15 shows the concentration of base
solution profile ;) along z-direction atX = 0.750 andy =0

and atRe = 2300 at different time step size. It can be seen that
tss = 0.10 seconds and tss = 0.05 seconds give very similar results

and therefore results have been computed with tss = 0.10 seconds.

1 .

S S —

tss=0.10s “1
tss=0.05s
0.8+
061
N
04r
0.2r )
0 L . r—"\')_’__.. L
0 0.2 04 086 0.8 1 1.2
&

B
Figure 3.15. Time step size (tss) independence td3eat 2300. Concentration

of base solution profiIeQ;) along z-direction atx’ = 0.750 andy = 0.

3.3.3. Acid Solution Inlet Analysis

The analysed flow is considered confined, although the cylindrical
cavity has a bottom inlet. To ensure that the flow can be considered
confined, the effect of the velocity inlet in the flow behaviour is

analysed. Figure 3.16 shows the axial velocity)at Y =0 and at
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different z positions of the cylindrical cavity @&e = 1000 when

the flow is confined ¥, = 0 m/s) and when there is a bottom inlet
(vV,y = 0.0032 m/s). As it can be observed, the only difference it is

noted atz = 0. Therefore, it can be considered that the flow is

confined even it has a bottom inlet.

‘ z*=0, V|N=0.OD32 m/s z*=0.0625, VIN=O 0032 m/s

2*=0, v, =0 m/s 2*=0.0625, v, =0 m/s —— 2'=0.125, v =0 m/s ‘

2'=0.125, v,=0.0032 mis ‘

0.12
0.06 ]
‘s 0 A rosayrimn
-0.061 ]
- 05 0 05 1

*

X

Figure 3.16. Analysis of the effect of the bottom inleRa = 1000.Axial

velocity (w') at y = 0 at differentz’ positions of the cylindrical cavity.

3.4. Flow Stabilization Time

Before starting the velocity and concentration measurements, it is
required to estimate the time needed to achieve the steady state of

the flow inside the cylindrical cavity. Figure 3.17 shows the
experimental axial velocitywW ) along X-axis atRe = 1500 and at

Z = 0.25. It can be seen that the steady state is reached at 5
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minutes. From this time, the acid solution begins to be introduced to

the cylindrical cavity.

0.12
0.06
z O{SG 4
7 # 3
W t=5 mi t ¥
* t=5min
-0.06 i
£ * =10 min *&*
t=20 min
* =30 min
-0.12 : : '
-1 -0.5 0 0.5 1

e
Figure 3.17. Analysis of the time required to achieve the steady state at

Re = 1500 and aZ = 0.25.
3.5. Velocity M easurements

In this section the numerical and experimental velocity profiles at

vertical and horizontal planes are analysed and compared with
previous results [16][47]. Figures 3.18a and 3.18b show the

measured secondary flows in a vertical plane of the cavity. This
secondary flow, superimposed to the main rotating flow, has a
three-dimensional toroidal shape. At low Reynolds number

(Re = 1000, Figure 3.18a) there is a central viscous core which
increases in diameter with decreasing distance from bottom
endwall. As the rotation rate is increased, it is found the emergence
of vortex breakdown bubbles. For example it can be seen in Figure

3.18b that the secondary flow field Be = 2300 has a stagnation
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point upstream of a zone of near stagnant recirculating fluid, which
corresponds to a vortex breakdown bubble. The emergence of the
first vortex breakdown forH/R = 2 occurs experimentally at

Re = 1450 according to [16] and &e = 1474 according to [47].
Figures 3.18c to 3.18g show the experimental and the numerical

results of the axial velocity W) at the cylinder axis

(X =0,y =0). The number of vortex breakdown bubbles can be

identified considering the number of stagnation points € 0) in

each profiles. In agreement with the observations in [16] and [47],
Figure 3.18d shows that &e = 1500 occurs the first emergence of

a vortex breakdown with a single bubble, located arozne 0.4.

At Re = 1700 (Figure 3.18e) there is a single bubble located at
similar position. At Re = 2000 (Figure 3.18f) the axial velocity
profile shows two bubbles, the bottom onezat~ 0.2 and the top

one atz ~ 0.5. The stability diagram reported by Escudier [16] for
H/R = 2 shows thaRe = 2300 is a critical Reynolds number in
which there is a transition between one and two bubbles in the
vortex breakdown region. Figure 3.18g corresponding to this
Reynolds number shows that experiments and simulations agree in
the occurrence of a clearly identified bubble, locatedz at 0.2

and a weaker bubble located around~ 0.5. In summary, Figure
3.18 shows that the velocity measurements are in general agreement
with the numerical predictions and that the different flow structures
of the secondary flows found at different Reynolds numbers agree
with those reported in the literature [16].
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Figure 3.18. Velocity plots at different Reynolds numbeRa)= 1000 and
b)Re = 2300. Experimental and numerical results of the axial velouwity @t

w
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the cylinder axis ¢ =0 andy = 0). c)Re = 1000, d)Re = 1500,
e) Re = 1700, f)Re = 2000 and gRe = 2300.
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The experimental and numerical velocity profiles of the vertical

velocity component W ) at different axial positionsZ ) of the
cavity are plotted in Figure 3.19. As it can be observed, when the
vortex breakdown occurs, the velocity at the center of the cavity
decreases (compare for example Figures 3.19a and 3.19c). Also, it
can be noticed that the experimental velocities next to the

cylindrical wall of the cavity, aroun& = 0.9 andx = -0.9, are

not perfectly symmetric with respect to the axis of the cavity

(X = 0). This phenomenon is analysed in section 3.6. However, it
can be seen that the experimental velocity profiles are in general
agreement with the numerical profiles and that even the asymmetry
the behaviour of the vortex breakdown is reproduced numerically

and experimentally.

The measured flow in the horizontal plage = 0.5 is shown in
Figure 3.20a. Figure 3.20b shows a good agreement between the
present numerical results and the numerical predictions reported in

[47] computed with the open source code Caffa3d.MB at
Re = 1500 andz = 0.375. The comparison between the present

experimental and numerical results of the velocity, (/ =VwR)

along the radial directiony{ = 0, indicated in Figure 3.20a) is

shown in Figure 3.20c. As it can be seen, the numerical and

experimental results are in agreement in the lower half of the cavity
(z = 0.50 andz = 0.25) and some differences are observed at

Z =0.75, close to the rotating wall.
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| * z'=0250 #* z*=0500 + 2z*=0625 * 2z*=0.750 % 2*=0.875
num. z*=0.250 num. z*=0.500 num. z*=0.625 num. z*=0.750 num. z*=0.875
a) b)
0.12 0.12
0.06 0.06
.; 0 ng 0
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Figure 3.19. Experimental and numerical axial velocity X profiles at different
axial positions ¢') of the cylindrical cavity aty’ = 0. a)Re = 1000,
b) Re = 1500, c)Re = 1700, d)Re = 2000 and eRe = 2300.
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Figure 3.20. The flow in the horizontal planeR# = 1500. a) In-plane velocity
fields at Z = 0.500. b) Comparison between numerical results of Fluent and
Caffa3d.MB [47] of velocity profiles\{ ) at Z = 0.375 andy = 0.
c) Experimental and numerical velocity profiles § at different axial positions

(Z') of cylindrical cavity aty’ = 0.
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3.6. Simultaneous Velocity and Concentration

M easur ements

The combination of PIV and PLIF techniques allows the
simultaneous measurement of the velocity and concentration fields

of the fluid within the illuminated plane of the flow.

The simultaneous application of the PIV and PLIF techniques
allows the measurement of velocity profiles which are comparable
to the velocity profiles acquired by only PIV (Figure 3.19). Figure

3.21 shows the comparison between the experimental axial velocity

(W) along X-direction at different Reynolds numbers using only
the PIV technique and using simultaneously the PIV and PLIF
techniques. As it can be observed, the results are comparable and
show that the PIV technique does not lose effectiveness when it is
combined with PLIF.

Figure 3.22 shows the numerical contours of concentration of acid

(C,) (Figures 3.22a-1 to 3.22a-5), basg, | (Figures 3.22bn-1 to
3.22bn-5) and productQ) (Figures 3.22c-1 to 3.22¢-5) at the

central plane ¥ = 0), at timet = 10 minutes, for the different

Reynolds numbers analysed. The experimental contours of
concentration of base shown in Figures 3.22be-1 to 3.22be-5 have
been obtained from the PLIF images using Equation 3.4 to obtain

the nondimensional concentration of product and assuming that the

concentration of acidQ, ) is negligible in comparison with the base
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and product. Under this hypothesis the non-dimensional

concentration of base can be computed as,

* *

C,=1-C. (3.8)

Figures 3.22a-1 to 3.22a-5 show the numerical contours of
concentration of the acid solutio€]). It can be seen that the acid

is located along the axis of the cylindrical cavity. In the cases with
vortex breakdown bubbles (Figures 3.22a-2 to 3.22a-5) the acid
enters and reacts inside the vortex breakdown region. The numerical
predictions of the base concentrations (Figures 3.22bn-1 to
3.22bn-5) show large values in the cores of the large secondary
flows and low values along the axis of the cylinder. The distribution
of the product (Figures 3.22c-1 to 3.22c-5) is vice versa (i.e. low
values in the cores and large values along the axis) supporting the

approximation adopted in Equation 3.8.

Figures 3.22bn-1 to 3.22bn-5 and Figures 3.22be-1 to 3.22be-5
show, respectively, the numerical and experimental contours of
concentration of the base solutioB(). A general view shows that

the experimental contours of concentration (Figures 3.22be-1 to
3.22be-5) have small-scale mixing layers that are not observed in
the numerical simulations (Figures 3.22bn-1 to 3.22bn-5) and that
the experimental results show some asymmetries, with respect the
axis of the cylinder that are discussed afterward.
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Figure 3.21. Comparison between only PIV and PIV/PLIF experimental velocity
profiles (W) at different axial positionZ ) of the cylindrical cavity aty’ = 0 at

a) Re = 1000, b)Re = 1500, c)Re = 1700, d)Re = 2000 and eRe = 2300.
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Figure 3.22. Experimental and numerical contours of concentration of@t};}d (

base Cg) and product C_ ) solution at center planegy( = 0) att = 10 min at
1) Re = 1000, 2)Re = 1500, 3)Re = 1700, 4)Re = 2000 and 5Re = 2300.
a-1) to a-5) Numerical contours of concentration of acid solution.
bn-1) to bn-5) Numerical contours of concentration of base solution.
be-1) to be-5) Experimental contours of concentration of base solution.

c-1) to ¢-5) Numerical contours of concentration of product solution.
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Focusing on the results &e = 1000, 1500 and 1700 (Figures
3.22bn-1 to 3.22bn-3 and Figures 3.22be-1 to 3.22be-3), the
numerical and the experimental contours of concentration of base
are in general agreement. HoweverRat = 1700 the experimental
contours of concentration (Figure 3.22be-3) show at the center of
the vortex breakdown region two symmetrically distributed maxima
of the concentration which are not observed in the numerical
contours of concentration (Figure 3.22bn-3). A similar phenomenon
occurs atRe = 2000 and 2300 (Figures 3.22be-4 and 3.22be-5,
respectively) where the numerical and experimental concentration
of base inside the vortex breakdown bubbles differ. It should be
noted that the relation between the intensity and the concentration
of base (Figure 3.10a) indicates that a single value of intensity
corresponds to two molar fractions of base. It can be seen that the
numerical and experimental concentrations agree in the core of the
large-scale toroidal recirculation where the base is in excess and,
consequently, Equation 3.4 is applicable. Howevert at 10
minutes the base has been consumed inside vortex breakdown
bubbles, where the numerical simulations indicate that the
concentration of product is large, and in these regions Equation 3.4

is not applicable.

To analyse this, the numerical contours of intensity have been
obtained and compared with the experimental ones, obtained
directly from the PLIF images. To compute the numerical contours
of intensity the experimental calibration shown in Figure 3.10a is
used to determine the intensity for each numerical value of the

molar fraction. Figure 3.23 shows the experimental and the
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numerical contours of intensity 3 = 0 and at different Reynolds

numbers analysed. Figures 3.23b-1 to 3.23b-5 show the numerical
contours of intensity obtained from the contours of
Figures 3.22bn-1 to 3.22bn-5. It can be seen that the numerically
computed intensity inside the vortex breakdown predicts a low
intensity region as in the PLIF images (Figure 3.23a-1 to 3.23a-5).

To determine the effect of small imperfections of the experimental
setup on the flow and concentration, simulations with a lateral
displacement in the axis of rotation of the top wall have been

performed. Figure 3.24 shows the numerical contours of intensity
for lateral displacements/2R) of the axis of rotation at

Re = 2000 and 2300. As it can be seen, a relatively small deviation
has an important impact in the flow in the vortex breakdown region,
as reported by Bragret al [23]. Specifically, the interface between

the low intensity region of the core of the large-scale toroidal

recirculation (with X3 > 0.57) and the low region intensity of the

vortex breakdown bubble (with; < 0.57) appears more blurred, as

in the experimental PLIF image (Figures 3.23a-4 and 3.23a-5), in
comparison to the numerical prediction without displacement of the
rotating axis (Figure 3.23b-4 and 3.23b-5). It seems that the most
similar numerical contours of intensity in comparison with the
experimental contours of intensity (Figures 3.23a-4 and 3.23a-5) are
those have a lateral displacement &%2R = 2.5.1C (Figure
3.24b-1 and 3.24b-2).
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Figure 3.23. Experimental and numerical contours of intensity &t
1) Re = 1000, 2)Re = 1500, 3)Re = 1700, 4)Re = 2000 and 5Re = 2300.

a-1) to a-5) Experimental contours of intensity. b-1) to b-5) Numerical contours

of intensity.
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Figure 3.24. Numerical contours of intensniy { with a lateral dlsplacement in

the axis of rotation of the top wall at different Reynolds number&el}» 2000
and 2)Re = 2300. a-1) and a-2) Displacement/®/2R = 1.25-10.
b-1) and b-2) Displacement dfx/2R = 2.50-10. c-1) and c-2) Displacement of
Ax/2R = 3.75-1C.

To illustrate the effect of the displacement of the rotating axis with
respect to the axis of the cylinder, Figure 3.25 shows the
experimental velocity profiles using simultaneously PIV and PLIF
techniques and corresponding numerical profiles with a
displacement in the rotation axis Re = 2000 and 2300. It can be
observed, that the numerically introduced asymmetry improves the
agreement between the simulations and experiments shown in
Figure 3.19. This indicates that small, totally unavoidable,
imperfections of the experimental setup can be the cause of the
asymmetry detected on the velocity profiles and on the PLIF
images, as well as, of the small-scale mixing layers observed in the
PLIF images.
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Figure 3.25. Experimental and numerical velocity profiles) at different axial
positions (Z ) at y' = 0 adding a displacement in the axis of the rotating wall of
1) Ax/2R = 1.25-1G, 2) Ax/2R = 2.50-1F and 3)Ax/2R = 3.75-1F at
different Reynolds humbers &e = 2000 and bRe = 2300.
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To analyse the effect of the flow on the chemical reaction, the time

evolutions of the numerically obtained volume-averaged non-
dimensional product concentratioﬁl_z() and its standard deviation

(o) are plotted in Figure 3.26. The standard deviation is defined as:

o= J- \[(Cc - CC,ideaI) dv (3.9)

(:deem

where theC. is the instantaneous local concentration of product
and C. ., Is the instantaneous theoretical concentration of product

corresponding to a perfectly mixed reactor. Note that in a perfectly

mixed situationo = 0.

It can be seen in Figures 3.26a and 3.26b that the rate of product
production and the uniformity of the concentration of product
increase with the Reynolds number. Three different values of the
lateral displacement of the axis of rotatiomx(2R) at Re = 2000

are considered. Figure 3.26 shows that, for the fast irreversible
chemical reaction considered, the small lateral displacements
essentially improve the uniformity of concentrations and, thus, the
mixing, as also suggested by the comparison of Figures 3.24a-1,
3.24b-1 and 3.24c-1.
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Figure 3.26. Time evolutions of a) the volume averaged nondimensional product

concentration C_::) and of b) the volume averaged standard deviatE)n)] ¢f the

product concentration.
3.7. Conclusions

In this chapter an axisymmetric, confined, reactive and laminar flow

in a cylindrical cavity with a rotating endwall has been analysed
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experimentally and numerically. A basic solution is initially in the
cavity and an acid solution is introduced at very low velocity
through the center of the stationary endwall when the flow in the
cavity is at the steady state. In the range of Reynolds number
considered 1000<Re < 2300 the flow and the concentration
distribution have been measured simultaneously using a combined
PIV/IPLIF technique. The numerical simulations and the PIV
measurements of the flow are in agreement with results available in
the literature. It has been found that the measurement of the velocity
fields using the simultaneous combination of the PIV and PLIF
techniques does not show loss of effectiveness in comparison with
measurements using only the PIV technique. The PIV/PLIF
technique allows the simultaneous measurement of the velocity
field and the visualization of the concentration distribution of the
base within an illuminated plane of the flow. The quantitative

measurement of the concentration of the base can be performed in
the regions where the base is in excess (specificalk at 0.57).

In this range the intensity of the fluorescein decreases quasi-linearly
with the concentration of base. At lower concentrations the intensity
decreases sharply making the measurement of the concentration of

base difficult because of the relatively low intensity levels.

It has been observed that at low Reynolds numBRer £ 1000)

there is a central viscous core which increases in diameter with
decreasing distance from bottom endwall. As the rotation rate is
increased, it is found the emergence of vortex breakdown bubbles.

The experimental visualization of the concentration fields have been
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compared with the numerical results. Re = 1000 and 1500, the
numerical and experimental contours of concentration show a
general a good agreement. At larger Reynolds nunfRers,1700,

2000 and 2300, the concentration of base inside the bubbles is
reduced because of the introduction, by the flow, of the acid in the
vortex breakdown region. In these regions and under these
conditions, the quantitative measurement of the concentration of
base and the direct comparison with the simulations is not feasible.
However, the synthetic images of the intensity obtained using the
numerically predicted concentration distributions show a similar

flow pattern as that revealed by the experimental images.

The effect of small displacements of the rotating axis of the wall
with respect to the cylinder axis has been analysed numerically. It
has been found that the asymmetries observed experimentally in the
velocity profiles and in the contours of concentration can be
explained considering this effect in the experimental setup.
Numerical simulations of the flow show that small displacements of
the axis of rotation have a noticeable effect on the mixing of the

chemicals inside the cavity.
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Chapter 4

4. Particle Deposition on the Wall of a

Microchannel for Enzymatic Reactions

In this chapter, the magnetic particles deposition rate on the wall of
a straight microchannel is analysed. The particles deposition is
induced by a permanent magnet. Two different types of magnetic
particles are tested: SPHERO™ Carboxyl Magnetic and
Dynabeads® M-270 Carboxylic Acid. The SPHERO™ are
paramagnetic particles and are prepared by coating a layer of
magnetite and polystyrene onto monodispersed polystyrene core
particles [32]. Dynabeads® are uniform, monosized
superparamagnetic particles coated with a hydrophilic layer of
glycidyl ether, followed by further coating with carboxylic acid
groups [34]. It is reported the morphology of the particles cluster
that deposit on the microchannel wall at different flow rates. This
study addresses experimental and numerical aspects of the particles

deposition.
4.1. Experimental Setup

The experimental setup consists in a thiol-ene [27][28]

microchannel with a lengti. = 0.04 m. The microchannel has a
square section of 5-70x 7-10° m (W x D, ). Figure 4.1 shows

the sketch of the microchannel. The coordinate system is located at
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point O. The analysed solution is a mixing between deionized
water and magnetic particles solution with a volume concentration
of 1%. The properties of the two types of particles tested are shown
in Table 4.1. The solution is introduced inside the microchannel

with a syringe pump (Nanojet Chemix), operating at inlet velocities

betweeny,, = 0.00238-0.02381 m/s, corresponding to volumetric

flow rate betweenQ, = 0.005-0.050 mL/min. The microchannel

has a free outlet. The magnetic particles are deposited on the wall of
the microchannel using a magnet. The permanent magnet is a cube

of 5 mm [57] and its center is situatedt= 0 m andy = 3-10°

m, see Figure 4.1. The analysis of the particles deposition is made
with a microscope (x10 lens) which has installed a digital camera
(MotioCam 2300 3.0M Pixels). Figure 4.2 shows a picture of the

microchannel.

magnet

inlet ﬁ outlet I

¥ s (0 I

Wr\i_: - | [or

Figure 4.1. Sketch of the experimental setup. The dimensions of the microchannel

areLxW x p_ =4-10°x5-10"' x 7-10° m.

Table 4.1. Properties of magnetic particles.

Magnetic ~ Diameter ' Y NyeagdN 0.1

particles (Lm) (beads/mL) (g/mL) mL solution
SPHERO™ 1.14  ~2.04-1&° 1.58 ~2.04-10
Dynabeads® 2.80 ~2.10 0.03 ~2.16
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Figure 4.2. Picture of the microchannel with the permanent magnet.

The volume of the solution introduced in the microchannel is 0.1
mL. Therefore, the number of magnetic beads introduced in the
microchannel is also known, see Table 4.1. When the total volume
has been introduced in the microchannel, the digital camera takes
images of the deposited particles. To estimate the number of
particles deposited on the walls of the microchannel due to the
magnetic field created by the permanent magnet; the images taken
by the digital camera are treated with Matlab to compute the area of
the deposited particles. It is assumed that every black pixel in the
image is a magnetic particle. This method is accurate because the
resolution of the images (1280 x 1024 pixel) is enough as if to each
magnetic particle only takes up a pixel. Once the area occupied by
the deposited particles is computed, the number of the deposited
particles can be calculated knowing the size of each particle, see
Table 4.1. The number of deposited particles is computed with
Equation 4.1:

% wall deposition particles%-loc 4.1)

T
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where P, are the particles deposited on the wall of the

microchannel andP are the total particles introduced in the

microchannel, see Table 4.1.
4.2. Numerical Simulation

The governing equations, assuming incompressible flow with
constant physical properties, are the continuity (Equation 4.2) and

the momentum (Equation 4.3) equations [58]:

Ou =0 (4.2)

—

U, wiy=-Lapr i (4.3)
ot Y Y

whereU is the velocity vector (m/s)p is the density of the fluid (
0 =998 kg/m), P is the pressure (Pay, is kinematic viscosity

of the fluid (nf/s) andF, is the volume force vector (NAn

The electromagnetic analysis on a macroscopic level is solved with
the Maxwell’'s equations. In this case, it is assuming a quasi-static

analysis of the magnetic and electric fields which is valid under the
assumption thatdD,/0t =0. This implies that it is possible to

rewrite Maxwell's equations in the following manner [59]:

OxH, =J=0,(ExvyxB)+ J, (4.4)
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oxg=-2n (4.5)
at

0-8,=0 (4.6)

00,5, @4.7)

0-3=0 (4.8)

Where E is the electric field intensity (V/m)D, is the electric
displacement or electric flux density (G H,, is the magnetic
field intensity (A/m), B, is the magnetic flux density (T) is the
current density (A/ff), p. is the electric charge density ((f’))r,nae

is the electrical conductivity (S/m)J, is an externally generated

current density (A/ff) and Vv, is the velocity of the conductor (m/s).

In this case, the magnetostatic fields to solve are free of electric

current and it is possible to solve it using a scalar magnetic

potential. In a current-free cadéxH,_=0. This implies that the
magnetic scalar potentiaM() can be defined from the relation

H.,=-0V,, which is analogous to the definition of the electric
potential for static electric fields. Using the consecutives relation

B, =1, (H,,+ M), the equatiori]-B, =0 becomes:

~0- (4,0V, — 4,M) =0 (4.9)
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In planar 2D the dynamic formulation also involves the thickdess

in the z-direction:
-0-d (¢,0V,, - ;M) =0 (4.10)

Where 1, is the permeability of free spacei( = 4w 10" N/A?),

V_ is the magnetic scalar potential (AY] is the magnetization

m

vector (A/m) andd is the thickness (m).

When the flow field (Equations 4.2 and 4.3) and the magnetic field
(Equation 4.10) are solved, the particle tracing is analysed. The

motion of a particle is defined by Newton’s second law [60]:

d®x dx
m—=F| t x— 4.11
dt? [ X dt) (4.11)
where X is the position of the particle (min the particle mass (kg)
and F is the sum of all forces acting on the particle. In this case,

the forces analysed are the drag fordg ( Equation 4.12), the
magnetic force €, , Equation 4.13) and the gravity forcé-,

Equation 4.14). The fluid dynamic drag will be predicted by Stokes
law and the magnetophoretic force is based on the gradient

magnetic field:

18u
F=—m(u-u) (4.12)
o
F, :277rl;°’,uo,ur’f K,[H 2 (4.13)
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F, =mgM (4.14)
p
Where 4 is the fluid dynamic viscosityg = 1-10° Pa-s),p, is
the particle density (kg/f Table 4.1),dp is the particle diameter
(m, Table 4.1),u is the fluid velocity (m/s)u, is the velocity of
the particle (m/s)r, is the particle radius (m, Table 4.1, is the
permeability in the free spacegy = 4n-10" N/A%), 4 , is the fluid
relative permeability &, = 1), 4, is the particle relative
permeability ¢, , = 1.05), H_, is the magnetic field (A/m)g is
the gravity vector ¢ = 9.81 m/§), o is the fluid density
(p =998 kg/m), m is the particle mass (kg) arlfl, is defined as:

K, =t ~Her (4.15)

) /4yp +-2A4J

The patrticle-particle iteration is computed using the Lennard-Jones
force in which is specified the interaction distance between the
particles. In this case the interaction distance is set to the particle
radius, see Table 4.1. The expression of this force off'tparticle

13 7
24 J o, | o, r-r,
e 2[?—4] [\r J {h J (419

becomes:
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where € is the interaction strengthe(= 1.6-1C"* J, interaction

between neutral particles),o, is the collision diameter
(0. =71, = 5.70-10 m), r is the position vector of th& iparticle

(m) andr; is the position vector of th& particle (m).

The simulations have been performed in 2D with the commercial
code COMSOL Multiphysics 4.4, which is based on the Finite
Elements Method. The velocity fields (Equation 4.2 and Equation
4.3) and the magnetic fields (Equation 4.10) are computed in
stationary state. The particle tracing (Equation 4.11) is solved in
time-dependent with a time step size of 0.01 seconds. The sketch of
the geometry used in COMSOL is shown in Figure 4.3.

Figure 4.3. Sketch of the geometry in COMSOL Multiphysics 4.4. The rectangle
represents the microchannel, the square represents the permanent magnet and the
disk is the environment, needed to compute the magnetic fields in COMSOL
Multiphysics 4.4.

The superparamagnetic particles (Dynabeads®) have the capacity to

reorient the magnetic moments, due to this property its numerical
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simulation requires a great deal of computational time. Because of
this, the numerical simulation analysis is focused in the
paramagnetic particles (SPHERO™). The analysis of the deposition

of the particles is done similarly to the experimental part (Equation
4.1). The number of introduced particleBl (.. = 1000) and the

deposited particles are known analysing the numerical results.
4.2.1. Mesh Independence Test

A mesh independence test with three different meshes has been
carried out. The mesh in the microchannel (rectangle showed in
Figure 4.3) and in the external disk (Figure 4.3) is a mapped mesh.
The rest of geometry has a triangular mesh. Figure 4.4a shows the

velocity magnitude in the center of the microchannel
(y =0 m) alongx-direction at inlet velocity,, = 0.02381 m/s. In
Figure 4.4Db, it can be seen, the magnetic flux dendgy) (n the
center of the microchannely( = 0 m) alongX-direction at inlet
velocity v,, = 0.02381 m/s. It can be seen that mesh 1, 2 and 3 give

very similar results. Therefore results have been computed with

mesh 1.
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Figure 4.4. Mesh independence test at center of the microchared(m)

along x-direction atVj, = 0.02381 m/s. Mesh 1: 59380 nodes, mesh 2: 149590

nodes and mesh 3: 421010 nodes. a) Velocity magnitude. b) Magnetic flux
density.
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4.3. Results

In this section, the experimental and numerical results are shown. In
the experimental analysis the deposition on the wall of the
microchannel of the paramagnetic SPHERO™ particles and the
superparamagnetic Dynabeads® particles is studied. In the
numerical analysis the deposition is only analysed for the
paramagnetic SPHERO™ particles.

4.3.1. Experimental Results

The images taken of the deposited particles on the wall of the
microchannel after introducing the 0.1 mL of solution are shown in
Figure 4.5 and Figure 4.6. Figure 4.5a shows the deposition of the

Dynabeads® particles a@Q, = 0.0100 mL/min. As it can be

observed the particles form chains, increasing the surface area of
the beads more suitable, for example, for chemical reactions and
enzymes immobilization. Figure 4.5b shows the particles behaviour
when the magnet is removed. As it can be seen, the particles
continue in the surroundings of the magnet but with higher
distribution due to the diffusion. The behaviour of these particles is
due to their superparamagnetic nature. Dynabeads® particles have
the capacity to magnetize themselves and convert each particle in a
permanent magnet. For this behaviour, their numerical simulation
requires a lot of computational time. On the other hand, Figure 4.6
shows the deposition of the SPHERO™ particles at different
volume flow rate. It can be observed that the higher volume flow

rate the lower is the area occupied by the particles.
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Figure 4.5. Images obtained from the experiments with Dynabeads® Carboxylic

Acid beads. a)Q, = 0.0100 mL/min. b)Q, = 0.0100 mL/min removing the

magnet.

Figure 4.6. Images obtained from the experiments with SPHERO™ Carboxyl
magnetic beads. &), = 0.0050 mL/min. b)Q, = 0.0075 mL/min.

c) Q, =0.0100 mL/min. d)Q, = 0.0250 mL/min. e)Q, = 0.0500 mL/min.
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4.3.2. Numerical Results

The simulations have been done using the properties of SPHERO™
particles. Figure 4.7 shows the magnetic field produced by the
permanent magnet. The magnetic field is the same for all different

cases analysed), = 0.0050-0.0500 mL/min).

0.01
0.008
0.008
0.004
0,002

-0.002
-0.004

-0.01 -0.005 0 0.005 0.0l ¥3.06x107!"

Figure 4.7. Magnetic flux densityH,) produced by the permanent magnet.

Figure 4.8 shows the numerical particle tracking at different time at

Q, = 0.0500 mL/min. As it can be seen in Figure 4.8a, before the

particles arrive to the magnet, the particles have a parabolic shape.
Once they reach the magnet, some of them reduce the velocity due
to the magnetic field depositing on the wall next to the magnet.
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Figure 4.8. Numerical particle tracking at different timeQgt= 0.0500 mL/min.
a)t=05s.bt =1.0s.cit =2.5s.dt =5.0s.

4.3.3. Comparison  between  Experimental and

Numerical Results

The experimental and numerical comparison between the number of
particles deposited on the wall due to magnetic field can be seen in
Figure 4.9. The comparison is made for SPHERO™ patrticles. It can
be observed that the number of beads deposited on the wall of the
microchannel decreases exponentially with the volume flow rate,
both experimentally and numerically. Numerical results performed
by COMSOL Multiphysics 4.4 overestimates the experimental
results. This can be because of the accumulation of beads in the
numerical simulation has not been possible to simulate and,
therefore, the comparison between the numerical and experimental
results is not totally accurate. Moreover the simulations have been
carried out in 2D, underestimating the effect of the magnetic field in

the z-direction.
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Figure 4.9. Comparison between experimental and numerical deposited particles

(SPHERO™) on the wall of microchannel.
4.4. Conclusions

The wall deposition of the magnetic particles due to permanent
magnet at different flow rate but constant volume has been
analysed. Experimentally two different types of beads have been
checked: SPHERO™ Carboxyl Magnetic particles and Dynabeads®
Carboxylic Acid particles. The Dynabeads® are superparamagnetic
particles and, therefore, have the ability to magnetize themselves
becoming each particle as a permanent magnet. For this reason the
quantitative study is focus on the SPHERO™ patrticles, since the
numerical simulation of Dynabeads® particles has a high
computational cost. Qualitatively the Dynabeads® particles have

been analysed.

It can be observed that magnetic particles are accumulated in the

surrounding of the permanent magnet creating a convex shape. In
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the case of SPHERO™ particles the surface is smooth. However,
due to its ability to magnetize them and create chains, the surface of
the Dynabeads® particles is toothed, increasing its surface. The
gain of surface area does Dynabeads® more convenient to, for

example, immobilization of enzymes or chemical reactions.

In COMSOL Multiphysics 4.4, 2D numerical simulations with
SPHERO™ particles properties are performed. The numerical
results are not totally accurate, being that the numerical simulations
are in 2D and, moreover, the accumulation of the particles has not
been simulated, i.e. we only have information of the first line of

particles.

The comparison between the experimental and numerical results has
been carried out analysing the % of particle retained on wall due to

the permanent magnet. It can be observed that the lower flow rate
the higher deposition of the particles. The numerical and

experimental results are only in agreement at the highest flow rates
(Q, = 0.0250-0.0500 mL/min). The numerical simulation at lower

flow rates overestimates the number of particles deposited on the

wall of microchannel.

This analysis shows preliminary results. Possible future points
could be perform numerical simulations in 3D to study the effect of
z-direction in the particles deposition. Moreover an interesting
point to analyse would be developing enzyme reaction test setup for

monitoring the enzyme activity on magnetics particles.
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