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Abstract

Bubbly flow is commonly used in chemical and biological processes. In sewage
treatment, water aeration is a crucial process where the enhancement of mass transfer
rate through the bubble-liquid interface can degrade the pollutants then improve the
purification efficiency. The knowledge on the hydrodynamic property and mass transfer
of bubble are important since it will give the guideline for selection of the working
condition and reactor design in such processes. However, some mechanism of the
oxygen mass transfer is still unclear especially for the system with a complex liquid
phase thus further investigations are required. For this purpose, this Ph.D. manuscript
has carried out an experimental investigation of single air bubbles rising in various
polymer solutions which can simulate the property of the sewage. The works can

mainly be divided into three parts:

Firstly, with a review of the current visualization techniques for mass transfer, three
techniques have been tested for air bubble (equivalent diameter ~ 1 mm) rising in water
including traditional Planar Laser Induced Fluorescent (PLIF, dye: fluorescent
resorufin), Fluorescent quenching technique (PLIF with Inhibition, dye: ruthenium
complex) and colorimetric techniques (dye: pink resorufin), respectively. The
advantages and the limitations of each technique have been summarized depending on

their result for characterizing the diffusion and mass transfer.

Secondly, based on images captured by a high-speed camera, the hydrodynamics of the
bubble single air bubbles (equivalent diameters: 0.7-7 mm) rising in the polymer
solutions (PAAm and Xanthan) have been investigated including the bubble velocity,
trajectory, and bubble shape. An innovative model containing the aspect ratio and two
shape parameters is proposed and proved to be capable of characterizing the bubble
shape from spherical/ellipsoidal to prolate/oblate-tear with good accuracy. Several
impacts on bubble deformation and hydrodynamic behavior are then investigated

involving the rheological properties of the fluids and different forces exerted on the



bubble which is quantified by multiple dimensionless numbers (e.g. Reynolds number,
E6tvés Number, Deborah number). The empirical correlations are obtained for

predicting the bubble shape.

Finally, based on PLIF-I technique, the mass transfer and diffusion phenomena in the
wake of single air bubbles (equivalent diameter ~ 1 mm) rising in various aqueous
polymer solutions (PAAm and Breox) are investigated. For each fluid medium, liquid-
side mass transfer coefficient and the diffusion coefficient are determined and analyzed
by considering multiple factors: the rheological properties of the fluid, the
concentration of the solute, the hydrodynamics of the bubble, and the contamination
effect. The results are compared with cases implemented in non-polymer solutions to

clearly identify the characteristics of mass transfer in the polymer media.

Keywords: Mass transfer, hydrodynamics, bubble



Résumé

Les écoulements a bulles sont présents dans beaucoup de processus chimiques et
biologiques. Pour le traitement des eaux usées, I'aération de l'eau est un processus
crucial dans lequel le transfert de matiere a travers l'interface bulle-liquide peut
accélérer la dégradation des polluants et améliorer I'efficacité de la purification. La
connaissance du comportement hydrodynamique et du transfert de matiére est
importante car elle fournira des indications precieuses pour la sélection des conditions
optimales de fonctionnement et pour la conception du réacteur. Certains mécanismes
de transfert de matiére restent toutefois encore délicats a comprendre, en particulier
dans les milieux complexes, ou des investigations supplémentaires sont nécessaires.
Cette thése se consacre a une étude expérimentale pour des bulles d’air isolées en
ascension dans diverses solutions de polymeres (Breox, Polyacrylamide (PAAmM) et
Xanthan gum) qui peuvent simuler les propriétés rhéologiques des eaux usées. Les

travaux sont divisés en trois parties :

Tout d’abord, en dressant I’état de l'art sur les techniques de visualisation pour le
transfert de matiere, trois techniques ont été testées pour les bulles d’air (diametre
équivalent = 1 mm) en ascension dans l'eau, notamment la fluorescence induite par plan
laser (PLIF, fluorophore: résorufine fluorescente), la PLIF avec inhibition (fluorophore:
complexe de ruthénium) et enfin une technique colorimétrique (colorant: résorufine
rose). Les avantages et les limites de chaque technique ont été résumeés pour caractériser

la diffusion et le transfert de matiere.

Par la suite, sur la base des images capturées par une camera haute vitesse, le
comportement hydrodynamique des bulles d'air (diametres équivalents : 0,7 a 7 mm)
en ascension dans des solutions de polymeres (PAAm et Xanthan) a été étudié,
notamment la vitesse, la trajectoire et la forme de la bulle. Un modéle innovant utilisant
I’excentricité et deux parametres de forme est proposé et s’est montré capable de

caractériser avec une bonne précision la forme des bulles sphériques, ellipsoidales et
vV



celles en forme de larme. Plusieurs effets sur la déformation de la bulle et sur le
comportement hydrodynamique sont ensuite étudiés, impliquant les propriétés
rhéologiques des fluides et les différentes forces exercées sur la bulle qui sont
quantifiées par plusieurs nombres sans dimension (ex. nombre de Reynolds, nombre
d’E6tvs, nombre de Deborah). Des corrélations empiriques sont aussi obtenues pour

prédire la forme de la bulle.

Enfin, appliquant la technique PLIF-1, les phénomeénes de transfert de matiere et de
diffusion dans le sillage de bulles d'air (diamétre équivalent ~ 1 mm) dans différentes
solutions aqueuses de polymeres (PAAm et Breox) ont été étudiés. Pour chaque fluide,
le coefficient de transfert de matiere du cote liquide et le coefficient de diffusion de
I’oxygeéne sont déterminés et analysés en prenant en compte plusieurs facteurs : les
propriétés rhéologiques du fluide, la concentration du soluté, I'nydrodynamique de la
bulle et I'effet de contamination. Les résultats sont comparés aux cas mis en ceuvre dans
des solutions non polymeres pour identifier clairement les caractéristiques de transfert

de matiere dans le milieu polymere.

Mots-clés : Transfert de matiére, Hydrodynamiques, Bulle
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Introduction

Gas-liquid mass transfer phenomena are of widespread existence in the industry, as
well as many chemical and biological processes (see Figure I-1). In the natural
environmental systems, detailed climate prediction is still a tough issue due to the
unclear mechanism of complex gas-liquid mass transport phenomena across the phase
boundary, which poses the main resistances between the oceans and atmosphere (Asher,
2009; Garbe et al., 2008). For wastewater treatment, water aeration is a crucial gas-
liquid transfer process for increasing the oxygen dissolution of the water. In spillways
or membrane bioreactors, a supply of dissolved oxygen, commonly through an injection
of air bubbles, is required to replenish the oxygen consumed by microorganisms for
degrading specific pollutants (Roy and Duke, 2000, 2004). This pollutant removal
process induces an enhancement of oxygen molecules transporting through the gas-
liquid interface. The researches in this area are of prime interest in order to improve

purification efficiency (Hébrard et al., 2000, 2009).

The chemical engineering processes such as distillation, solvent extraction and
biological reactions like and fermentations oxidations, is primarily defined by mass
transfer in the interfacial area between the dispersed phase and the continuous phase
(Dani et al., 2007). In these reactors, a component of gas dispersed and absorbed into a
continuous liquid. The velocity and efficiency of this process govern the reactors design
procedure and operating conditions. A profound understanding and an accurate
prediction of mass transfer phenomena are thus essential to improve the performance
of gas-liquid reactors. In bioprocessing, gas-liquid mass transfer is extremely important
because many processes are aerobic, oxygen must first be transferred from gas bulk
through a series of steps onto the surfaces of cells before it can be used (Najafpour,

2006).
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Figure 1-1 Gas-liquid systems in the industry and various chemical and biological
processes. The image of flotation is from (Kramer et al., 2012).

Different factors occurring at the vicinity of the gas-liquid interface can affect the
transfer process in uncertain degrees making the characterization of the mass transfer
more complex. These factors consist of the shape and dynamics of the interface, the
transported species’ Schmidt numbers (momentum diffusion divides mass diffusion),
the turbulence characteristics (intensity, size of structures, time scales...), the gas-liquid
composition and properties (rheology, contamination, chemical reaction...), operating
conditions (temperature...), etc. Nevertheless, it is difficult to isolate a specific
parameter and accurately analyze its influence on mass transfer. Due to this challenge,
some extent of the mechanism of the gas-liquid mass transfer is still required further
investigations including new theoretical analysis and high-prediction numerical or
experimental technology.

In the previous work by Jimenez et al., (2013) and Dietrich et al., (2015), mass transfer
2
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in the wake of air bubbles in different non-polymer media (water + glycerol, salt,
glucose) has been investigated. However, most liquid media are polymeric fluids in
industrial application, especially for wastewater treatment. The purpose of this study is
to broaden their work to liquid media more complex. The transfer of oxygen through
single air bubble rising in different liquid polymeric solution (Polyacrylamide (PAAm),
Breox, and Xanthan gum) is investigated with the visualization technique and the
impact induced by the solutions on the mass transfer is discussed. The objective is to
isolate a specific factor and accurately analyze its influence on the mass transfer
mechanism and to gain insight into the local phenomena of the mass transfer in complex
media. The structure of the following content in the thesis is divided into five chapters

and they are briefly described below:

Chapter 1 gives the fundamental principle of the gas-liquid mass transfer including the
classical theory and definition of the diffusion and mass transfer coefficient. The
principle of several visualization techniques and the basis of the rheology is also
introduced which are helpful in understanding the following investigation on the mass

transfer phenomena and bubble hydrodynamics.

Chapter 2 introduces the material and method which are used for gas-liquid mass
transfer investigation. The rheological property of the chemicals, the experimental
setup and experiment procedures are presented. The methods for calculating the bubble
hydrodynamic properties like rising velocity and diameter are given afterward. The
method for mass transfer characterization is then introduced including the calibration,
image processing, and the mathematical approaches to determine the two key

parameters: diffusion coefficient and mass transfer coefficient.

Chapter 3 compares three visualization techniques: traditional LIF technique (with
fluorescent resorufin), fluorescence quenching (with fluorescent ruthenium complex)

and colorimetric technique (with pink resorufin). The comparison is based on the result
3
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of the experiments carried out for measuring the mass transfer of a bubble rising in

water by the three techniques.

Chapter 4 analyzes the hydrodynamic properties of the bubble rising in various
polymer solutions with the data from the experiment. Besides the rising velocity and
trajectory, the analysis will focus on the impact of the polymer solution on the bubble

deformation.

Chapter 5 determines the diffusion coefficient and liquid-side mass transfer coefficient
in each fluid medium and analyzes multiple factors on the mass transfer like the
rheological properties of the fluid, the concentration of the solute, and the

hydrodynamics of the bubble.



Chapter 1

Fundamental principles

Abstract

In this chapter, the fundamental principles for studying the gas-liquid mass transfer are
then presented including the definition of two key parameters (the diffusion coefficient
and mass transfer coefficient) and the classic theories that explain the interfacial
transfer process. The visualization techniques to measure the mass transfer is
introduced after with a literature review of the new visualization techniques in a point
of view: reaction-based techniques which can be classified into three different types
including quenching reaction, acid-based reaction, and oxidation-reaction. Finally,
since the rheological property of the liquid phase has the impact on the bubble
hydrodynamics and the mass transfer from bubble to liquid, an introduction of the
rheology principle and measurement is given as a basis for the analysis of rheological

impact for the following chapters.



Chapter 1 Fundamental principles

1.1 Principles of gas-liquid mass transfer

The principles of gas-liquid mass transfer are presented in the following paragraphs.

1.1.1 Diffusion coefficient

The most common way for mass transfer is diffusion. From a microscopic view,
diffusion is caused by random molecular motion (Brownian motion). From a
macroscopic view, diffusion is driven by a gradient in chemical potential of the
diffusing species. A gradient is a difference in the value of a quantity e.g. concentration,
pressure, or temperature with the change in another variable, usually distance. In gas-
liquid systems, the cause of diffusion is a concentration gradient of the diffusing
component which tends to move the molecules from a region of higher concentration

to a region until equilibrium is established as the concentration becomes uniform.

The diffusion process in dilute solutions was approached by Adolf Fick in 1855. He
developed the laws of diffusion by means of analogies with Fourier’s laws for heat

conduction or Ohm’s law for electrical conduction (Fick, 1855).
1.1.1.1 Fick’s first law

For one-dimensional diffusion in Cartesian coordinates:

_ _pad ;
J=-p% (1-1)

Where:

J is the diffusive flux or the amount of substance that flows through a unit area
during a unit time interval [kg-m~2-s71];

D is the diffusion coefficient or diffusivity [m?-s];

d[C]/0x isthe concentration gradientin x direction with [C] the concentration
of the diffusion species [kg-m=] and x the position expressed in length [m].

For more dimensions problem, the gradient operator V is used and the equation
6
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becomes:
J = —DV[(] (1-2)
Where ] denotes the diffusion flux vector.

1.1.1.2 Fick’s second law

Fick's second law predicts how diffusion causes the concentration to change with time.
It can be derived from Fick's first law and the mass conservation in the absence of any

chemical reactions:

alcl , @ . _ olc] _ @ (palely _ -
74‘51—0: at ax(D ax)_o (1-3)

Thus Fick's second law for one-dimensional diffusion can be expressed by the partial

differential equation (where t is time [s]):

(1-4)

28 = p.A[C] (1-5)

In gas-liquid systems, diffusion coefficient can well indicate mass transfer rate for a
system in a steady state. However, the diffusion coefficient can only take into account
the mass transfer in form of diffusion. In order to estimate the overall transferred mass
such as the one by the flow convection, the mass transfer coefficient is defined and is

introduced in the following paragraphs.

1.1.2 Mass transfer coefficient

The process of mass transfer across an interface, or across a virtual surface in the bulk
of a phase, is the result of a chemical potential driving force. This driving force is more

usually expressed in terms of concentrations of the species. The rate of transfer of a
7
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given species depends on some of the physical properties of the system and on the
degree of turbulence of the phases involved. In general, the relationship between the
flux and these parameters is not easily developed from fundamentals of mass transfer,
so that mass transfer coefficients have been defined that lump them all together. These

definitions are of the form (Annesini et al., 2017):
F=k-S-A[C] (1-6)

where

F is the mass transfer rate [kg-s™];
k is the mass transfer coefficient [m-s™];
S is the interfacial area [m?];

A[C] is the concentration difference known as a driving force [kg-m™].
In the real application, relations for mass transport coefficients are usually given in
terms of dimensionless groups:

® Sherwood Number (Sh) represents the ratio of the total rate of mass transfer to
the rate of diffusive mass transport alone.

k-l mass transfer rate
1-7)

Sh=—=

diffusion rate

where [ is a characteristic length of the problem [m].

® Schmidt Number (Sc) is a dimensionless number defined as the ratio of
momentum diffusivity (viscosity) and mass diffusivity and is used to characterize
fluid flows in which there are simultaneous momentum and mass diffusion-
convection processes.

v __ diffusivity of momentum (1-8)

Sc=-

D diffusivity of mass

where v is momentum diffusivity (kinematic viscosity) [m?-s™].

® Reynolds Number (Re) represents the fluid motion conditions

Ul inertial forces
Re = L = lertialforces (1-9)

v viscous forces
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where U is the velocity of the fluid with respect to the object [m-s™].

It can be theoretically proved that the mass transport coefficient can be expressed as a

function of Re and Sc:
Sh = f(Re, Sc) (1-10)

Such a function can be obtained by combining theoretical models (boundary layer,
penetration theory, etc.) and correlations of experimental data. For example, for a single

spherical particle, a correlation by (Fréssling, 1938):

1

1
Sh = 2 + 0.552 RezSc3 (1-11)
1.1.3 Theories of mass transfer

1.1.3.1 The Film Theory

The simplest conceptualization of the interfacial transfer process is attributed to Nernst
(1904) who postulated that near the interface there exists a stagnant film. This stagnant
film is hypothetical since we really don't know the details of the velocity profile near
the interface. Nonetheless, such a hypothetical film gives the simplest model of the
interfacial region. The steady-state flux across this thin film can be written in terms of

the mass transfer coefficient:
J = kA[C] (1-12)

inwhich A[C] here refers to the concentration difference between the interface and the

bulk.
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INTERFACE

Gas Liquid Film ! Liquid

Figure 1-1 The film theory for mass transfer

In dilute solutions, diffusion-induced convection perpendicular to the interface can be
neglected. Mass transfer in this film is governed only by molecular diffusion. Therefore,
Fick's law describes flux across the film which can also be calculated in terms of the

diffusion coefficient (Eq. (1-2)):

] =-D _x ~ —D T (1-13)
where & denotes the thickness of the film.
If we compare Eq. (1-12) and Eq. (1-13), we can find that
D
k= S (1-14)

1.1.3.2 Two-film model

In the study of gas-liquid mass transfer, it is assumed that both phases are separated by
an interface and that diffusional mass transfer occurs inside a gas and a liquid film
developed at each side of the interface. This representation of the gas-liquid diffusional
mass transfer corresponds to the two-film model (Lewis et Whitman, 1924) which is

10
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illustrated in Figure 1-2. In the two-film model, the solute mass transfer firstly diffuses
through the gas film and reaches the gas-liquid interface. Then the gas is absorbed and
dissolves into the liquid and thermodynamic equilibrium is established. After passing
the interface, the solute gas diffuses through the liquid film until it reaches the liquid

phase homogenous concentration.

INTERFACE

Gas i+ Gas Film Liquid Film ; Liquid

Ce

Figure 1-2 Two-film model

According to the two-film model, the following assumptions are made that:

® OQutside the film, the concentrations are homogenous (as shown in Figure 1-2: C,
and C, arethe solute concentration in bulk in gas the phase and in the liquid phase,
respectively);

® In both films, the gas and liquid films are characterized by film theory. A steady-
state flux balance through each film can now be performed. The fluxes are given

by:

In gas film: ] =ke(Co —CH (1-15)
In liquid film: ] =k, (C}—C) (1-16)
where

k¢ is gas-side mass transfer coefficient [m-s™];
1
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k; is liquid-side mass transfer coefficient [m-s™];
Ck is gas-side solute concentration at the interface [kg-m?];
C} is liquid-side solute concentration at the interface [kg-m].
® At the gas-liquid interface, concentrations are in equilibrium according to Henry’s
law:

He =% (1-17)

with He the Henry constant;

However, the concentrations at the interface cannot be measured, so the overall mass
transfer coefficients are defined. These coefficients are based on the difference between
the bulk concentration in one phase and the concentration that would be in equilibrium

with the bulk concentration in the other phase.

In gas film: ] =K;(Ce —C) (1-18)
In liquid film: J =K, (C[ —C) (1-19)
where

K is gas-side overall mass transfer coefficient [m-s™];
K is liquid-side overall mass transfer coefficient [m-s];
C; is the solute concentration in the gas phase in equilibrium with €, [kg-m?];

C; is the solute concentration in the liquid phase in equilibrium with C; [kg-m"

The values of C; and C; can be determined by Henry law:

He =% =% (1-20)
CL CL

Combine the Equations (1-15) - (1-21), the overall resistance to mass transfer in the gas
and the liquid phase are written as:

1 1 , He
K¢ k¢ ki

(1-21)

12
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=ty (1-22)

Kj, kg, He'kg

If the component solubility in the liquid phase is low, the Henry constant (He) is very
high. Then the gas-phase resistance is relatively negligible comparing to that of liquid-
phase, the mass transfer is generally controlled by the transfer in the liquid side. It

means that
K, =k, (1-23)
Thus, the mass transfer flux calculated by Eq. (1-19) becomes:

J =k, (CL = C) (1-24)

1.1.3.3 Penetration theory

To deal with the unsteady state problem, R. Higbie proposed the penetration theory in
1935. The penetration theory is based on the “film theory” with the basic assumptions

as follows:

® Unsteady state mass transfer occurs to a liquid element so long it is in contact with
the bubbles or other phases;

® Equilibrium exists at the gas-liquid interface;

® Each of the liquid elements stays in contact with the gas for the same period of
time.

13
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INTERFACE

Gas Liquid Film Bulk liquid

bl

Figure 1-3 Penetration theory for mass transfer

Different from the film theory, the mass transfer rate in the liquid film is no longer a
constant. In the beginning, when the liquid elements (eddies) start contacting with the
gas-liquid interface, the equilibrium only exists at the interface while in other places of
the film the concentration remains equal to the bulk C,. The mass transfer rate is most
important at this moment. Then gas enters and fills in the film during a time interval
t., the mass transfer rate is decreasing gradually until the concentration equilibrium
established. Subsequently, the liquid element is replaced by another one and the same

contact process repeats.

The average liquid-side mass transfer coefficient during a contact time interval t. for

a bubble can be obtained from the Fick’s second law,

D
k, =2 /; (1-25)

1.1.3.4 Surface renewal theory

Considering that the contact time at the interface is probably not the same for all liquid
elements arriving at the gas-liquid interface, Danckwert (1951) modified the Higbie’s

14
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penetration theory. He stated that a portion of the mass transfer surface is replaced with
a new surface by the motion of eddies near the surface and proposed the following

assumptions:

® The liquid elements at the interface are being randomly swapped by fresh elements
from bulk;

® At any moment, each of the liquid elements at the surface has the same probability
of being substituted by a fresh element

® Unsteady state mass transfer takes place to an element during its stay at the
interface.

A rate of surface renewal S [s] is defined as the fraction of the surface renewed in

unit time and the average liquid-side mass transfer coefficient is given by:

k, =+/DS (1-26)
1.2 Gas-liquid mass transfer measurement

1.2.1 Classic method

A classic method to measure the mass transfer coefficient is carried out in a bubble
column (see). The column is filled with the liquid and bubbles are kept injecting from
the bottom of the column at a preset constant flow rate. The method is based on the
hypothesis of a reactor perfectly mixed for the liquid. It consists of deoxygenating the
water (e.g. by degassing with nitrogen or chemical reaction of sodium sulfite in the
presence of cobalt ions) and then studying the re-increase of the dissolved oxygen

concentration as a function of time.

The mass flux F [kg-s?] transferred from the bubble to the liquid can be deduced from

Eq. (1-24):
F=]-S=k(C;—-C)-S (1-27)
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where the interfacial area S equals to the total surface of all the bubble in the column.

If divide the flux by the volume of the column, i.e.

F/V =k, (C[—C,)-S)V (1-28)
the term in the left-hand side can be replaced by the time derivative of the dissolve the
gas concentration in the liquid, the following equation is obtained:

L0 = ke, - a(C; - C(0) (1-29)

with a called the specific interfacial area [m™] and k;.a is known as the volumetric
oxygen transfer coefficient. Hence by measure the dissolved gas concentration C;(t)
as a function of time and the specific interfacial area a, the mass transfer coefficient

k, can be determined.
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Figure 1-4 Gas-liquid mass transfer measurement with a probe in bubble column
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1.2.1.1 Interfacial exchange area

A camera is available to acquire images and measure the size of the generated bubbles.
For a single spherical bubble in equivalent diameter D, the interfacial area equals to

the ratio between the surface area S;, and the bubble volume V}:
a==—"=— (1-30)

For bubble swarm, the interfacial exchange area is calculated with the averaged bubble
size D, [m] and gas retention for each operating condition &; [%], which can be

expressed by the following equation (Roustan, 2003):

q =20 _ 5% (1-31)

"~ XVpi Dp(1-£5)
For a condition of gas flow and a type of water, the gas retention is determined by using

the pressure receptacles arranged along the column (Hébrard, 1995):

__An

== (1-32)

&e

The lengths of Ah and Ax are indicated in Figure 1-4.

The size of the bubbles is measured using the video camera provided. When the
condition of the flow regime of the gas is established, proceed with the acquisition of
images of a number of bubbles. For ellipsoidal bubbles, the equivalent diameter of each

bubble is determined by considering the width (b) and the height (c¢) of the bubble:
Db = W (1-33)

The mean value of the equivalent diameters D,, is then determined as the characteristic

value of the bubble population.
1.2.1.2 Dissolved gas concentration

The dissolved gas concentration in the liquid is measured with a probe placed at the top
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of the column. The concentration values are recorded every constant time interval, i.e.
CL(O).
The integration of Eq. (1-29) gives:

In (99) = —pyq-t (1-34)

C;—Co
where C, is gas concentration at t=0 [kg-m?® and C; is the saturated

concentration after injected bubbles for a long time. By plotting the curve of

In (CL—CL(t)

*

c ) as a function of time, the volumetric oxygen transfer coefficient k,a
L 0

equals to the slope of the linear part of the curve. An example of the experimental curve
in shown in Figure 1-5 for air bubble dissolved in water. Finally, divide the volumetric
oxygen transfer coefficient by the interfacial exchange area, the mass transfer

coefficient k; is obtained.
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Figure 1-5 Experimental curve of oxygen concentration against time when air
bubbles injected into a column filled with water. Green line: oxygen concentration;
Blue triangle: the value of In[(C} — C;)/(C} — Cy)], Red line: linear regression of
the logarithm as a function of time.
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1.2.2 Visualization techniques

The mass transfer measured by the classic method is global or averaged value for the
whole gas-liquid system. In order to get a deeper understand of the mass transfer
phenomenon, getting access to the local mass transfer like the mass transfer in the
bubble wake or even near the bubble surface is necessary. However, the thickness of
the boundary layer on the liquid side which controls the gas transfer process is common
in the millimeter or even micrometer scale. Due to this rigorous propriety, an extremely
high resolution of experimental visualization is required. With the development of the
experimental technique in the past several decades, various researches have been
conducted to characterize, visualize and quantify gas-liquid mass transfer phenomena.
The main techniques are based on probes or microprobes (Chu and Jirka, 1992;
Jamnongwong et al., 2010; Riethues et al., 1986), holographic interferometry (Ma et
al., 1999; Wylock et al., 2011), colorimetric technique (Dietrich and Hébrard, 2018;
Kovats et al., 2017) and laser-induced fluorescence (LIF) technique (Butler et al., 2016,
2018; Crimaldi, 2008; Hanyu and Saito, 2010; Lacassagne et al., 2017, 2018; Valiorgue
et al., 2013). The main drawback of using microprobes is that they are invasive and
their presence could disrupt the fluid motions that are responsible for the concentration
fluctuations. LIF is thus created in the late 1960s (Tango et al., 1968). If the laser is in
the form of a plane, then it is called Planar Laser Induced Fluorescence (PLIF),
fluorescence induced by a laser plane. The pioneer study was conducted by (Hanson et
al., 1990) for gas combustion. PLIF has rapidly extended to study the mixing and
dispersion of fluorescent tracers in liquid and gaseous flows. Compared to the probe
technique, the LIF techniques which is mainly carried by using soluble fluorescent dye
(fluorophore) and optical equipment, have the advantages of no flow disturbance, quick
response time and high optical resolution, and capacity to elucidate the profile near the
boundary with its limited thickness (Herlina and Jirka, 2004). In addition, it can be

combined quite easily with other optical methods that can provide simultaneous
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measurements of flow velocity and temperature (e.g. LIF-PIV (Charogiannis et al.,

2015)).
1.2.2.1 Traditional PLIF technique

For traditional PLIF technique, the measurement is based on the linearity between the
fluoresced light and the concentration of fluorophore in the weak excitation regime
(Crimaldi, 2008). It is known that, under weak excitation condition (excitation intensity
I much smaller than the saturation intensity of the dye), the relationship between
fluorescence level FL and local concentration of the dye Cy,. has the simplified

relationship:
FL & I+ Caye (1-35)

where | can be assumed constant (Anderson et al., 2010; Golnabi and Razani, 2007).
Thus using a multi-pixel light sensitive sensors (CMOS or CCD), one can record the
fluorescence signal and thus determine the corresponding instantaneous concentration
field. The traditional PLIF requires the transported species itself play as a role of
fluorophore which is hard to realize for most gas-liquid species. Therefore, several
variants of PLIF technique appears with the respective personalized name: PLIF-I
(PLIF with Inhibition (Jimenez et al., 2013)), 2T-LIF (Two-tracer LIF, (Kovats et al.,
2017)), LIF/HPTS (Huang and Saito, 2015), BPLIF (Blocked PLIF, (Lacassagne et al.,
2017)), 184 -PLIF (Ratiometric pH-sensitive-inhibited (Lacassagne et al., 2018)),
DeLIF (Dual Emission LIF, (Someya et al., 2005)), etc. Different from traditional PLIF
techniques, the fluorophore is here pre-mixed homogeneously into the liquid.
Fluorescence of this kind of dye under monochromatic excitation can be affected by
the presence of a flow-passive scalar (concentration of a chemical species, pH value,
temperature...) (Figure 1-6). Then the value of this scalar can be deduced from the
change of fluorescence intensity once a previous calibration is done that fluorescence

intensities are measured for several preset values of the scalar.
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Figure 1-6. Schematic description of the principle of variant LIF techniques by
Jablonski diagram.

Several excellent reviews have been made focusing on LIF techniques (Crimaldi, 2008;
Rattinger et al., 2018), however, they mixed the traditional PLIF techniques with
variant PLIF techniques even though they are theoretically different. To the author’s
knowledge, most of the variant PLIF techniques are essentially based on the reaction
between the dissolved scalar (e.g. gas molecules) and the soluble dye molecules.
Therefore, the following content contributes to review the techniques other than
traditional LIF in a different point of view: reaction-based techniques. Three different
types of techniques for gas-liquid mass transfer visualization will be discussed which
are based on the quenching reaction, acid-based reaction, and oxidation-reaction,

respectively.

1.2.2.2 Quenching-based techniques

The first technique is an extension of the LIF technique based on the quenching
phenomena of the fluorescence. The combination of fluorescence intensity
measurements with the effect of fluorescence quenching for gas concentration
measurements in liquids was first introduced by (Vaughn and Weber, 1970). As oxygen
has been known as an excellent quencher (Jimenez et al., 2013), Wolff et al. (Wolff

et al.,, 1991) introduced primarily LIF quenching technique to visualize O:2
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concentration near a gas-liquid interface. Many following researchers (Asher and
Litchendorf, 2009; Francois et al., 2011a; Herlina and Jirka, 2004; Kapoustina et al.,
2015) have continued to work on the same subject by studying the absorption of Oz. In
a quenching experiment, the ability of some molecules called “quenchers” to inhibit the
fluorescence dye is considered. The quenching reaction can be depicted as the

following figure:

dynamic

route

static

Figure 1-7. Schematic view of quenching reaction (Eftink, 1991)

In the absence of quencher, the fluorophore A, which is excited by absorption of a photo
(e.g. from a laser source), will jump to a higher electronic energy level A*. Then A*
can return to the ground state by the non-radiative way with a rate constant k,,, and
by emitting a photon (fluorescence) with the radiative rate k,. The fluorescence

lifetime 7, is defined as:

1
krtknr

(1-36)

To =

When the quencher Q is added to the system, additional reactions are possible which
lead to a more rapid return of excited states back to ground states. As shown in the
figure, the reactions can be divided into a dynamic process and static process.

Dynamic process: the excited A* may collide with Q, with a diffusional rate constant
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k, toform an excited-state encounter complex, (A--Q)*. If Q is in fact a quencher, then
such (A--Q)* complexes will undergo an internal fluorescence quenching reaction, with

a rate constant k;.

Static process: the quencher may also form a ground state complex, (A--Q), by
encountering the ground state of A. Such a complex may also absorb a photon to directly

populate the excited-state encounter complex, (A--Q)*. The internal quenching reaction

may then proceed immediately after excitation.

When measuring the fluorescence lifetime with a quenching effect, only the dynamic
route should take into account because the static process can usually be regarded to be

instantaneous. Thus the lifetime is given by the following relationship:

1

70 T Ttk rhg (37
where k, the quenching rate constant, is defined as:
Kik (1-38)

q ki+1/to+k_g+kaQ

For a strong quencher, the internal quenching rate k; is much larger than the other

rates, thus it can be assumed that k, = k.

Regarding the fluorescence lifetime is proportional to fluorescence intensity, the

dynamic quenching process is expressed as the Stern-\Volmer relationship:

o o _1 (1-39)

To IO 1+KSVQ

where K, = k47, is the Stern-Volmer constant, and I, and I, the fluorescence
intensities in the presence and absence of quencher, respectively. The parameters I,
and K, of the Stern—\Volmer equation can be easily determined by a calibration

process by measuring several I, values under the different preset concentration of

quenchers.
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In PLIF quenching experiments, the most important material is the fluorescence dye,
which is called fluorophore. The performance of the fluorophore used will affect
directly the results of mass transfer quantification. Primary factors that govern the
suitability of a fluorophore include an absorption spectrum that is compatible with
available laser excitation, a large separation between absorption and emission spectra
(Stock shift), and high quantum efficiency to maximize signal. In considerations of
guenching, the crucial factor is fluorescence sensitivity to the presence of quencher, or
more concretely, decrease the degree of the fluorescence with quencher concentration.
Other elements include susceptibility to photobleaching by the excitation source,

solubility to liquid, and the price which is also considered in continual experiments.

The most common dyes for quenching reaction are pyrene butyric acid (PBA) (CAS:
3443-45-6) and some ruthenium complexes which are sensitive to the presence of Os.
Vaughn and Weber (Vaughn and Weber, 1970) demonstrated that pyrenebutyric acid
(PBA) in solution provides an excellent indicator for dissolved oxygen concentration.
PBA has been used to measure oxygen concentration in biological substances and
tissues. The fluorescence lifetime for PBA is unusually long: in water solution at room
temperature, it is approximately 165 ns when unperturbed. Dissolved oxygen quenches
the fluorescence of PBA, reducing the lifetime to 65 ns in oxygen-saturated water. The
fluorescence emission has a band from 370 to 430 nm. An absorption band from 310 to

345 nm makes a nitrogen laser ~337.1 nm an appropriate excitation source.
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Table 1-1. Characteristics of the common dyes for fluorescence quenching in
mass transfer visualization.

Aabs

Molecular hempeak Water Price
Dye Formula ) peak N

Weight [g/mol] [nm] solubility [€/g]

[nm]

PBA C20H1602 288.34 310-345 375-425 YES 110.5
Ruthenium complex a Cr2H4sCi2NsOsRu 1297.16 521 631 NO 32000
Ruthenium complex b  C72H4sNsOsRu 1222.27 532 670 NO 3000
Ruthenium complex ¢ CssH24Cl2NsRu. xH20  712.59+18x 499 582 YES 143

e  PBA: pyrene butyric acid

e  Ruthenium complex a: tris (4,7-diphenyl-1,10-phenanthroline)
ruthenium(I1)bis(perchlorate)

e  Ruthenium complex b: Ru(4; 7 diphenyl-1; 10 phenanthroline)s(NOs);

e Ruthenium complex c: tris(1; 10-phenanthroline)ruthenium(l1) chloride hydrate

e  The price information is from Sigma-Aldrich.

e The information for each dye is from the reference of (Roy and Duke, 2004; Walker and
Peirson, 2008), (Dani et al., 2007), (Jimenez, 2013), respectively.

According to the literature, it’s proved that the ruthenium complex is also a typical
quenching fluorescence dye which has strong inhibition performance in the presence of
oxygen molecules. In the work of (Dani et al., 2007), several ruthenium complexes
were tested and one dye named was retained (ruthenium complex a). But the price of
this product is certainly a limiting factor (32 Euros/mg) for large scale applications.
Another ruthenium complex (ruthenium complex b), are developed in Laboratory of
Physics and Chemistry of Nano-Objects (LPCNO, France) and subsequently adopted
by Francois et al. (Francois et al., 2011b, 2011a) and Jimenez et al. (Jimenez et al.,
2013). A test of this dye showed excellent inhibition propriety: with this dye
(concentration of 25mg/L), a variation of 1000 gray levels (12 bits image) was achieved
with dissolved oxygen of 0-3 mg/L in liquid medium (Jimenez, 2013). Besides, the
price of this dye is also a favorable advantage which costs 10 times cheaper than the
previous one. On the other hand, these above two dyes are difficult to dissolve directly

in water that makes the addition of material (e.g. ethanol) is necessary to improve their
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solubility. More recently, (Kick et al., 2010, 2012) investigated the mass transfer of the
oxygen or air bubble by using a new fluorescence dye (ruthenium complex c). Despite
weaker sensibility to the oxygen (than ruthenium complex b), this dye is soluble in the
water and it is sufficient for quantifying the oxygen concentration. The details on each

dye refer to Table 1-1.
1.2.2.3 Acid-based techniques

The second extension of LIF techniques is based on an acid reaction. It relies on the
fact that after CO2 dissolution into water, aqueous carbon dioxide interacts with water

to form carbonic acid through the reaction:
COZ + H20 (:) H2CO3 (1'40)

Carbonic acid then dissociates into hydrogen carbonate HCO3 , and hydrogen
carbonate into carbonate CO%~ through the successive acid-base -equilibria

(Lacassagne et al., 2017):

H,CO; + H,0 2 HCO3 + H,0* (1-41)

HCO3 + H,0 2 C0%™ + H;0* (1-42)

As the H;0% ions are produced, the water is acidified leading to a decrease of pH
value which can be indicated by the fluorescent pH sensitive dyes adding to the liquid.
The change in the pH level is expected to correspond with the change in the fluorescent
intensity. An example of the fluorescence intensity variations as a function of pH is
shown in Figure 1-8. The dissolved CO2 concentration thus can be deduced from the

gray level of the recorded fluorescent images.
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Figure 1-8. Relative fluorescence intensity or extinction coefficient variations as a
function of pH value. Image from (Lacassagne et al., 2017).

Fluorescein (CAS: 2321-07-5), rhodamine dyes and HPTS (8-hydroxypyrene-1,3,6-
trisulfonic acid) (CAS: 27928-00-3) are mainly used for CO2 quantification which
depended on the variation of pH value of the solute caused by a chemical reaction at
the interface (Woodrow and Duke, 2001). Fluorescein (i.e. fluorescein sodium) has
peak absorption near 490 nm (enabling efficient excitation with the 488 nm line of an
argon-ion laser), peak emission near 510 nm, and has relatively low sensitivity to
temperature changes (Crimaldi, 2008). Fluorescein is sensitive to pH and fluoresces
when the pH reaches a certain threshold value. Typically, the fluorescence is off when
the pH < 4 and maximum fluorescence occurs at pH = 7. At pH > 7, the fluorescence is
constant. In the region pH < 7, the intensity is strongly dependent on the pH of the
solution. Another common category of fluorescence dye is Rhodamine dyes.
Rhodamine 6G (CAS: 989-38-8) which is not pH-independent shows an unstable
property due to the quenching phenomenon. The dye is highly resistant to
photobleaching (Larsen and Crimaldi, 2006). It’s not suitable for quantifying the mass
transfer. On the contrary, the fluorescence of Rhodamine B (CAS: 81-88-9) is sensitive

to changes in pH. Its fluorescence is virtually independent of pH over the range 3-11.
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Moreover, its outstanding temperature sensitivity can be exploited to use LIF for
temperature measurements. But it should be mentioned that Rhodamine B is quite toxic
and may have acute and chronic health effects in case of skin or eye contact. An
alternative dye, Rhodamine WT (CAS: 37299-86-8), its spectral properties are quite
similar to those of Rhodamine B and are much more soluble and reportedly much less
toxic than Rhodamine B. The application of this dye for quantifying the mass transfer

IS scarce and more research is needed to approve its properties.

Table 1-2 Characteristics of the common PH-sensitive dyes for mass transfer

visualization.
Aabs .
Molecular hempeak Water Price
Dye Formula ) peak N
Weight [g/mol] [nm] solubility [€/g]
[nm]
Fluorescein C20H10Na20s 376.27 490 515 YES 0.437
HPTS C16H7Naz010S3 524.39 455 510 YES 84.8
Rhodamine B C28H31CIN203 479.01 550 590 YES 49.5
Rhodamine 6G Ca2sH31N205Cl 479.01 525 555 YES 81.5
Rhodamine WT C29H20CIN2Na20s 566.98 550 590 YES

e  HPTS: 8-hydroxypyrene-1,3,6-trisulfonic acid

e  The price information is from Sigma-Aldrich.

e  The information for each dye is from the reference of (Crimaldi, 2008), (Huang and Saito,
2015, 2017b, 2017a), (Shao et al., 2012), (Crimaldi, 2008), (Alméras et al., 2016),
respectively.

It should be noticed that the laser-based visualization technique for a gas-liquid system
always has two main drawbacks: interface reflections and heterogeneous excitation
intensity due to Beer-Lambert absorption. An improvement has been made by using a
so-called “two-color” method (Coppeta and Rogers, 1998). The principle is to make the
fluorescent light emitted at two different wavelengths while the one emitted light for
quantification and the other one used as a reference. Dividing the first wavelength
intensity field by the second one, the heterogeneous excitation effects are corrected,
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since the excitation intensity is common to both fluoresced wavelengths. This
improvement can be realized by a pair of fluorescent dyes or a single dye excited by
the same laser. Both ways have been adopted by some researchers if we called them
“Two dyes - two color” method (Fenner and Stephan, 2017; Hlawitschka et al., 2017;
Kovats et al., 2017, 2018; Someya et al., 2005) and “One dye — two color” method
(Bruchhausen et al., 2005; Lacassagne et al., 2018). The later one is less chemically
intrusive since they only require the addition of one chemical component instead of two
inside the fluid. However, as for two dyes system, the dye has to be wisely chosen to

avoid spectral conflicts.

1.2.2.4 Redox-based techniques

Among the literature about oxidation and reduction reactions in colorimetric methods,
methylene blue (Piccione et al., 2017), resazurin (Dietrich et al., 2013) and leuco-indigo
carmine (Krieger et al., 2017) were mainly applied to investigate mass transfer and
concentration fields. The methylene blue (MB™) is widely known in “blue bottle”
experiments. It’s performed with glucose and sodium hydroxide. After the initial
dissolution and agitation, the solution is blue. Then MB™ was reduced by glucose to its
leuco-form, MBH, producing a colorless solution. When the solution is shaken in
contact with air, it results in oxidation of MBH by Oz back to blue MB™. The oxidation
and reduction reaction of prepared solution can be repeated several circles, shown in
Figure 1-9. But the rate of oxygen consumption of methylene blue (several seconds,
(Anderson et al., 2012)) is relatively lower compared to that of another redox dye,

resazurin (several milliseconds, (Dietrich et al., 2013)).
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Figure 1-9. Reactions occurring in the “blue bottle” experiment; reproduced from
(Anderson et al., 2012).

As Figure 1-10 shows, resazurin (blue and not fluorescent), is reduced to resorufin (pink
and highly fluorescent), which is further reduced to dihydroresorufin (colorless and not
fluorescent). These reactions are catalyzed by the presence of glucose and sodium

hydroxide. The related stoichiometry of reactions is given from equations (1-43) to

(1-45). The change of color results from reversible oxidation (fast) and reduction(slow)
reactions between resorufin (pink) and dihydroresozufin (colorless). Resazurin solution
has one of the highest values known of Kreft's dichromaticity index (Kreft and Kreft,
2009), which could obtain a large range in perceived color change. resazurin —

resorufin  (1-43)
2Dihydroresorufin + O, — 2Resorufin + 2H,0 (fast) (1-44)

Resorufin + Dextrose — Dihydroresorufin + gluconic (slow) (1-45)
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Figure 1-10. Reduction of resazurin to resorufin by glucose and sodium
hydroxide (step[1]). Reduction of resorufin to dihydroresorufin by carbohydrate
(step[2]). Reoxidation of dihydroresorufin to resorufin in the presence of oxygen

(step[3]).

As shown in Figure 1-11, In the presence of glucose in an alkaline environment, Keto-
indigo carmine (blue) is first reduced to anionic radical intermediate (red) and further
to leuco-indigo carmine (yellow). The reaction rates of reductions and oxidations are
slow (several minutes) and fast (a few milliseconds) respectively. And specific
stoichiometry of reactions is given in Eq. (1-46) to (1-49). Unlike the dichromatism
properties hold by methylene blue and resazurin, indigo carmine performs two distinct

color changes (i.e., yellow-red-blue) during consecutive oxidation reaction.

leuco-indigo camming (yedow) anionic radical intermediale (red) eto-indigo caming (blue)

Figure 1-11. Reversible redox reaction of leuco-indigo carmine to keto-indigo
carmine with glucose as reducing and oxygen as an oxidizing agent. Colour
change (yellow-red-blue) is illustrated in flask experiments. Reproduced from
(Krieger et al., 2017)
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2 keto — indigo carmine + glucose — 2 intermediate + arabinonate (slow) (1-46)
2 intermediate + glucose — 2 leuco — indigo carmine + arabinonate (slow) (1-47)
4 leuco — indigo carmine + O, — 4 intermediate + 2 H,0 (fast) (1-48)

4 intermediate + 0, — 4 keto — indigo carmine + 2 H,0 (fast) (1-49)

More complicated systems involved enhancement effects by chemical reaction on the
mass transfer have also been studied in recent years. (Paul et al., 2018) well reviewed
three main groups of chemical systems applied in bubbly flows: (1) Cu/O2 complexes;

(2) Fe/O2 complexes; (3) Fe/NO systems.

A summary of dyes based on the colorimetric method for mass transfer is depicted in

Table 1-3.

Table 1-3. Chemical and physical properties of dyes for colorimetric technique

Molar mass Water solubility Price

Dye Chemical formula
[g-mol] [g-L 1] at 25 °C €91
Methylene blue C16H1sN3CIS 319.85 43.60 1.99
Resazurin C12H7NO4 229.19 1.00 16.00
Indigo carmine Ci6HsN2Na20sS2 466.36 10.00 0.98
Bromothymol blue C27H28Br20sS 624.38 Sparingly soluble (10-33.3) 7.35
Phenol red C19H1405S 354.38 0.77 5.25

1.3 Rheology principle

As discussed in Section 1.2, in a gas-liquid system, the main resistance for the mass
transfer is from the liquid phase. The flow properties of complex media like polymer
fluid will affect the rate of the mass transfer. In order to characterize this impact, a

rheological analysis of the fluid is necessary. Rheology is the science used to describe
32



Chapter 1 Fundamental principles

and assess the deformation and flow behavior of materials. The term rheology was
coined by Eugene C. Bingham in 1920 from a suggestion by his colleague, Markus
Reiner (Reiner, 1964). The term was inspired by the Geek’ aphorism: zavza pei (panta
rhei) meaning that "everything flows". Rheology connects the knowledge from material
science and fluid mechanics. It applies to substances that have a complex
microstructure, such as muds, sludges, suspensions, polymers and other glass formers
(e.g., silicates), as well as many foods and additives, bodily fluids (e.g., blood) and
other biological materials or other materials that belong to the class of soft matter such

as food.

1.3.1 Definition of shear stress, shear rate and viscosity

The fundamental rheological parameters are defined by the two-plate model (see Figure
1-12-1). The upper plate with the area A [m?] is set in motion by the (shear) force F
[N] then the resulting displacement x [m] and velocity u [m-s™] is measured. The
lower plate is stationary u = 0. Between the plates, there is the distance A [m], and

the sample is sheared in this shear gap.

Figure 1-12 I: Two-plate model; 11: Laminar flow in the form of planar fluid
layers.

The fluid in the gap performed a laminar shear flow. It is assumed that the following

shear conditions are occurring:

1. The material can be imagined in the form of adjacent layers of infinitely thin
thickness. (see Figure 1-12-11)
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2. The sample shows adhesion to both plates without any wall-slip effects.

3. There is no turbulent flow, i.e. no vortices are appearing and there is no transfer of
matter between the various layers.

The real geometric conditions in rheological measuring systems are not as simple as in
the Two-Plates-Model. However, if a shear gap is narrow enough, the necessary
requirements are largely met and the definitions of the following rheological parameters

can be used.

The ratio of the shear force P to the unit surface A is called shear stress © [Pa]:
P
T=- (1-50)

The ratio of the displacement x of a layer to the thickness h of the layer is named

shear strain or deformation y:
v=s (1-51)

The velocity gradient (see Figure 1-12-11) is called the shear velocity or shear rate y

[s*]:

. d
V=g =5 (1-52)

For all flowing fluids, the molecules have relative motion between one another that is
always combined with internal frictional forces. This process will perform as resistance

to gradual deformation by external shear stress. ‘Viscosity’ is defined to quantify the

level of this resistance for fluids.

According to the two-plate model, viscosity can be conceptualized as quantifying the
frictional force that arises between two adjacent layers of fluid that are in relative
motion. The ratio between shear stress t and shear rate y is defined as dynamic

viscosity u [Pa-s]:
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_z ;
=7 (1-53)

Divide the dynamic viscosity by the density of fluids p [kg-m?3], the kinematic

viscosity v [m?-s] is defined:

(1-54)

SRR

1.3.2 Rheological measurement: principle of rheometer

In order to measure the rheological properties of fluids, a viscometer or a rheometer is
used which can be grouped into two main types: tubular rheometer and rotational
rheometer. Compared with a tubular rheometer, the rotational rheometer is popular
since regarding its advantages like wider shear range, small volume sample required,
operation with continuous rotation and rotational oscillation, capability for

viscoelasticity measurement etc.

In rotational rheometer, a sample of fluid is filled into the narrow gap of the sensor
system which always consists of a rotator called geometry and a stationary plate or
container. The sensor systems can be classified into three categories: cylinder, cone-
plate, and plate-plate (see Figure 1-13). Moreover, for the same sensor system,
commercial rational rheometers can also employ a wide range of geometries for

viscosity and flow behavior measurement (see Figure 1-14).

35



Chapter 1 Fundamental principles

I 1

=

Figure 1-13 Sensor system of rotational rheometers: 1. Concentric cylinder; I1.
Cone-plate; I11. Plate-plate.

Figure 1-14 Different geometries for rheometer. Images from Anton-paar.com

The measurement with rotational rheometers can be carried out in one of two operation

modes:

1. Rotation with controlled shear rate (CSR): A rational speed (angular velocity)
is preset which in the sensor system filled with a sample causes a shear rate.
The torque required for achieving and maintaining the desired shear rate is the
viscosity-proportional parameter.

2. Rotation with controlled shear stress (CSS): According to the reversed
principle, here a torque (shear stress) is preset and the resulting movement
(deformation) i.e. the resulting angular velocity (shear rate) is measured.

Conversion of torque into the shear stress and rotational speed into the shear rate is via

conversion factors which depend on the geometries. The shear stress is proportional to
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the torque M [N-m] and to a characteristic geometry factor identified as Kgg (shear

stress factor):
T= KSS -M (1'55)
High torque means also high shear stress. Large values of A stand for small sensors.

The shear rate y is proportional to the rotational speed (angular velocity « [rad]) and

proportional to the geometry factor K (shear rate factor):
j/ = KSR () (1'56)

High angular velocity means also high shear stress. High Ky values stand for very

small gaps. The conversion factors for different systems are listed in Table 1-4.

Table 1-4 Conversion factors of torque to shear stress Kss and rotational speed to
shear rate Ksr for different sensor systems.

Cylinder Cone-plate Plate-plate
K 1 3 2
53 2mR%h 2nR3 TR3
2R"? 1 R
Ksp — - -
R'?> — R? a h

1.3.3 Rheological behavior

Viscosity values are not constant values as they are affected by many conditions. The
fluids have different flow behavior under shear even at constant temperature. We can
use a rheogram or flow curves to represent these rheological behaviors. There are two

ways to plot the flow curves:

1. Shear stress as a function of shear rate (7 vs y);
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2. Viscosity as a function of shear rate (1 vs y), applying the law of viscosity,
each measuring viscosity is calculated with Eq. (1-53), which is called apparent
Viscosity.

We can classify the fluids into different types depending on theological behavior as

follows and their flow curves plotted in Figure 1-15.

T P J7i

Shear thinning

Shear thickening

Newtonian

V'
Shear thickening

Newtonian

Shear thinning

0 14 0 1
Figure 1-15 Representation of different rheological behaviors (shear thinning,

Newtonian and shear thickening) in a rheogram (I: T vs y; Il: u vs y)

1.3.3.1 Newtonian fluids

Newtonian fluids (or: Ideally viscous fluids) is a fluid in which that the measured
viscosity of the fluids is independent of the shear rate (Figure 5.2, line 1). That means
the viscosity is a constant and the shear stress are linearly proportional to the shear rate.
Typical materials from this group include water, mineral oil, salad oil, solvents such as
acetone, glycerol, benzene, etc. All the other fluids are called the non-Newtonian fluids

since their viscosity depends on the shear rate.

1.3.3.2 Shear thinning

Shear-thinning behavior (or: pseudoplasticity) is characterized by decreasing viscosity
with increasing shear rates (Figure 5.2, line 2). Typical materials that show this
behavior are coatings, glues, shampoos, polymer solutions, and polymer melts. Since

viscosity is shear-dependent, it should always be given with the shear condition. The
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shear thinning phenomenon is generally considered to be the result of microscale
structural rearrangements within the fluid, or the organization of microspheres into
hexagonally packed structures that slide over each other more easily (i.e. exhibit lower
viscosity, a schematic explanation for polymers is given in Figure 1-16) than at lower

shears where randomly organized particles collide frequently

Microspheres at rest under high shear load

R
T e
| - \ I© e ]

Figure 1-16 Explanation of shear thinning behavior: structures of polymers at rest
and under high shear load

1.3.3.3 Shear-thickening

Shear-thickening (or: dilatant flow behavior) means increasing viscosity with
increasing shear rates (Figure 5.2, line 3). Materials that typically display such behavior
include highly filled dispersions, such as ceramic suspensions (casting slurries), starch
dispersions, plastisol pastes that lack a sufficient amount of plasticizer, dental filling
masses (dental composites) as well as special composite materials for protective
clothing (Mezger, 2014). This behavior is rare and occurs in concentrated slurries when
the increment of the shear rate leads to the formation of clusters that rigidify the
suspension structure. If the suspension is composed of associative polymers, an
increase in shear forces favors the polymer interactions resulting in a more solid

structure.
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1.3.3.4 Viscoplasticity (yield stress behavior)

Some non-Newtonian fluids behave like a solid under the application of small stresses
but flow like liquids once the applied stress exceeds a critical value called the yield
stress. This initial solid behavior is commonly explained by the presence of strong inter-
particle forces (Van-Der-Waals forces) or an interconnected three-dimensional network
of suspended aggregates. Particularly, if the shear rate is directly proportional to the
amount by which the applied shear stress exceeds the yield stress, the fluid is called
Bingham plastic. Examples of yield stress materials encountered daily include blood,

mayonnaise, toothpaste, gelled products, paint, and concrete (Hammad, 2015).

Yield-

1 - pseudoplastic 11 . e
# dilatant
Bingham
Yield- :
dilatant Bingham
Yield-
pseudoplastic

vield I
stress R X
0 14 0 ¥

Figure 1-17 Representation of viscoplasticity in a rheogram (I: = vs y; I1l: u vs
¥)

1.3.3.5 Viscoelasticity

Viscoelasticity is the property of materials that exhibit both viscous and elastic
characteristics when undergoing deformation. In the 1830s, a French engineer, Louis
Vicat, had noticed that bridge cables continued to elongate over time even though under
constant load, a viscoelastic phenomenon known as creep. Under the preset shear stress,
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a viscoelastic material exhibit time-dependent strain as well as an elastic behavior
explained by the ability to store part of the mechanical energy supplied to the fluid as
elastic energy in inter-particle bonds for instance (Seyssiecq et al., 2003). Consequently,
when the material is later released, this stored energy acts as a driving force for

reforming the original structure that a partial elastic recovery is observed.

For the characterization of viscoelastic fluids, dynamic testing is implemented. An
oscillatory (sinusoidal) deformation (stress or strain) is applied to a sample and then the
material response (strain or stress) is measured. An example result is shown in Figure
1-18. It is observed that the sinusoidal curves of the preset shear stress and the
measuring strain show a time lag for the response signal. This lag is called the phase
shift . This shift angle is always between 0° and 90° while 8 = 0° for ideally elastic

deformation behavior and 8 = 90° for ideally viscous flow behavior.

Figure 1-18 Example result of the dynamic test for viscoelastic behavior, presented
as a sinusoidal function versus time with preset shear strain y and resulting shear
stress t. The two curves are offset by a phase shift. Figure from (Mezger, 2014)

By analogy to Hooke’s Law, the shear modulus G [Pa] is defined as shear stress

dividing shear strain:

G ==

" (1-57)

For a viscoelastic material, we define a complex shear modulus G* as the overall
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resistance to deformation of the materials:
G*=G"+1iG" (1-58)
with

® (' isthe elastic (storage) modulus to quantify the elasticity and the ability of
the material to store energy;

® (' is the viscous (loss) modulus to quantify the ability of the material to
dissipate energy.

The absolute value of G*can be calculated from the dynamic test:

6' == (1-59)

where t* and y*is the amplitudes of the shear stress 7 and strain amplitude y,
respectively. In the dynamic test. The relation between G* and G’ (or G") is

represented in Figure 1-19. Thus, the following equations can be obtained:
Storage modulus: G' =|G*| cos@ (1-60)
Loss modulus: G" =|G*|sinfd (1-61)

The ratio between G’ and G' is called the loss factor or damping factor:

n

tand = = (1-62)

GII

G 1

Figure 1-19 Vector diagram illustrating the relationship between complex shear
modulus G*, storage modulus G’ and loss modulus G"' using the phase-shift
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angle 6. The elastic portion of the viscoelastic behavior is presented on the x-axis
and the viscous portion on the y-axis.

Viscous behavior of a viscoelastic material brings the energy loss that makes it different
from an ideal elastic material. This energy loss is always in the form of heat energy
arises from the internal friction between the molecules and particles in a flowing fluid.
This loss of energy is also called energy dissipation. Viscoelastic liquids have a higher
loss modulus than storage modulus G > G'. Examples of viscoelastic materials are
amorphous polymers, semi-crystalline polymers, biopolymers and even the living

tissue and cells.

1.3.4 Viscosity of polymer systems

The main classes of flow behavior discussed in Section 1.3.3 are observed if the flow
curve is measured over limited ranges of shear rate. Generally, most real fluids will
exhibit behavior conforming to more than one flow classification over a shear rate range

wider than two or three decades.

As an example, Figure 1-20 shows the general shapes of flow and viscosity curves on
logarithmic scales for a typical fluid of low solids concentration. These curves indicate
that at low shear rates the viscosity is constant while at high shear rates the viscosity is
again constant, but at a lower level. Between these two extremes, sometimes known as
the first and second Newtonian regions, the viscosity decreases as the shear rate
increases. The viscosities in the first and second Newtonian regions are referred to as

the zero-shear viscosity, and the infinite shear viscosity
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log T log p

M. - .

log ¥ log v

Figure 1-20 Typical flow behavior of real fluids of low solids concentration

For polymeric systems of low concentrations, low molecular weights or at temperatures
well above the glass transition temperature, the typical variation of viscosity with shear
rate as a function of concentration, molecular weight or temperature is shown in Figure

1-21.

* Increasing concentration
* Increasing molecular weight
* Decreasing temperature

log p

NEWTONIAN

locus of -
characteristic shear rate

log ¥

Figure 1-21 Non-Newtonian viscosity in polymeric systems of low concentrations,
low molecular weight or at temperatures well above the glass transition
temperature.

As the concentration or molecular weight is increased or the temperature is decreased,
both the zero and infinite shear viscosities increase and the change in the zero-shear
viscosity is much greater than that for infinite shear viscosity. The characteristic shear

rate, where the viscosity begins to decrease with increasing shear rate and the behavior
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of the fluid is no longer Newtonian, decreases with increasing concentration or

molecular weight or with decreasing temperature.

It should be noted that some polymer solutions can be shear-thickening caused by shear-
induced entanglement and agglomeration at high shear rates, and gels may show yield

stress.

1.3.5 Rheological models

The non-Newtonian viscosity curve or flow curve data obtained from viscometric
measurements under steady-state shear can be described mathematically in terms of
rheological models (constitutive equations) and are amenable to curve fitting. The
general form of a rheological model is fitted over a relevant shear rate range to the flow
curve or viscosity curve by least-squares regression analysis so that a specific
rheological model can be obtained. This specific equation is then used for material
characterization or engineering design applications. The rheological model for
Newtonian fluids contains just one constant. Many models have been proposed to
describe non-Newtonian flow behavior of fluids, although the majority of these are of
little value for engineering design applications and serve more as theoretical analyses.
However, there are several well-established models used widely in the prediction of

fluid rheology. The most common models are introduced as follows.

1.3.5.1 Newtonian Model

This is the simplest of all flow curve models and is given by
T = Uny (1-63)
With uy being the Newtonian viscosity.
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1.3.5.2 Power Law Model

The power law, also known as the Ostwald-de-Waele model, is commonly utilized due
to its validity and simplicity (Chhabra, 2010). The experimental results of the shear
flow test were fitted by nonlinear regression to the model, presented as a power-law

relationship between the shear stress and the shear rate:
T = Ky" (1-64)

where:

K is the flow consistency index [Pa-s"];

n is the flow behavior index (dimensionless).

This equation describes Newtonian behavior when n = 1, shear-thinning behavior
when n < 1 or shear-thickening behavior when n > 1. On a log - log plot, the

model is represented by a straight line with a slope of n.
1.3.5.3 Bingham Model

For a yield stress material, the Bingham model is introduced which is similar to the

Newtonian model by adding yield stress. This model is described by
T = Tyeua + UBY (1-65)

Where 7,4 Is called Bingham yield stress and pj is the constant Bingham plastic

Viscosity.
1.3.5.4 Herschel-Bulkley Model

This model, combining the Bingham model and the power law model, is a generalized

form to describe the viscoplastic behavior. The law equation is given by

T= Tyeild + K]/n (1'66)
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This equation describes Bingham plastic behavior when n = 1, yield shear-thinning
behavior when n < 1 or yield shear-thickening behavior when n > 1 (See Figure

1-17).
1.3.5.5 Carreau Model

For real fluids as discussed in Section, the flow curve has more than one flow behavior.
It thus needs a more common model that is valid over the complete range of shear rates.
To fit the flow curves shown in Figure 1-20, the four parameters Carreau model is
introduced. For cases where there are significant variation from the power-law model
i.e. at very high and very low shear rates, it becomes essential to incorporate the values
of viscosity at zero shear, u, and at infinite shear, p_, into the formulation.
n—1
el LRI CEON R (1-67)

Where,

1, is the viscosity at the zero shear rate [Pa.s];
U, is the viscosity at the infinite shear rate [Pa.s];
t, isthe relaxation time [s] related to the viscoelasticity of the fluids;

n is the power index.

There are also other models which have been proved valid for specific types of fluids.

Some of them are shown in Table 1-5 with their application:
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Table 1-5 Flow curve models applicable for real fluids (p is a parameter).

Model Equation Application
Carreau- HoHo [1+(t ‘)Tf’]nT?1 Molten polystyrene
Yasuda Ho— Hoo ¥ PO
Evri U— U  arcsinh(py) Napalm, 1% nitrocelulos in
rin = .
ynng Ho — Koo 124 99% butyl acetate
aqueous polyvinyl acetate
Cross = — dispersion, aqueous limestone
Ho — Hoo 1+py .
suspension
Sisko U= feo + Y™t Lubricating greases

p 0.6% wi/w carboxymethyl

"1t pnt cellulose; (CMC) solution in

Ellis H
water, poly(vynil chloride)

1.4 Conclusions

The study on the gas-liquid mass transfer is of great significance since it existed widely
in industry and realizing the control of the mass transfer rate is very critical for many
chemical and biological process. Diffusion, as a most common form of mass transfer,
is characterized by the Fick’s law by analogy with the heat transfer. A diffusion
coefficient is defined to quantify the transport rate of the molecules driven by a gradient
in chemical potential of the diffusing species. Beside diffusion, the rate of transfer of a
given species depends also on some of the physical properties of the system and on the
degree of turbulence of the phases involved. Thus another key parameter, the mass
transfer coefficient is then proposed to estimate the entire mass transfer. Based on the
utilization of these two parameters, the interfacial transfer process is conceptualized by
various theories of which the most classic consists of the film theory, penetration theory,

and surface renewal theory. With the development of the equipment, many efforts then
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have implemented by means of the experimental investigation. The classic experiment
is mainly carried out by microprobes but it could only get knowledge of the gas
concentration in several fix positions and their presence could disrupt the fluid motions
that are responsible for the concentration fluctuations. To overcome this difficulty, new
techniques by using optical instruments and soluble dyes are carried out which is
capable to visualize and quantify local gas-liquid mass transfer. The representative
techniques are reviewed in the point of view: reaction-based techniques which can be
classified into three different types including quenching reaction, acid-based reaction,

and oxidation-reaction.

Regarding the rheology, the fluids have different flow behavior (e.g. shear thinning,
viscoelasticity, etc.) according to the evolution of their response strain (or shear stress)
to the applied shear rate. These behaviors can be described mathematically by
rheological models. The rheological principle is used to fit the flow curves of the
investigated fluids in our study (Chapter 2) and to analyze the result of the bubble

hydrodynamics (Chapter 4).
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Chapter 2
Material and Methods

Abstract

This chapter introduces the materials and methods used in the study. Three aqueous
polymer solutions (Breox, Polyacrylamide, and Xanthan gum) are used as the liquid
media which are close to those of fluids present in wastewater treatment or chemical
industries. The physical properties of the three polymer solutions are measured
especially for their rheological properties. Two types of dye (ruthenium complex and
resorufin) are used as the oxygen indicator for different techniques, i.e. Planar-Laser
Induced Fluorescence (PLIF), PLIF with Inhibition (PLIF-1), and colorimetric
technique. Then, the experimental setup is shown schematically with specific
parameters for each instrument following by the experimental protocols for each
technique. The methods for calculating the bubble rising velocity and size are given
afterward. Finally, for mass transfer characterization, the content consists of the
calibration method, image processing, and the mathematical approaches to determine
the two key parameters: diffusion coefficient and mass transfer coefficient. A discussion

on the error analysis is also involved.

50



Chapter 2 Material and Methods

2.1 Material

2.1.1 Polymers to study

The advancements of industry have brought extensive use of a wide range of
rheologically complex materials, e.g., polymeric solutions and melts, suspensions,
mixtures, oil products, fiber-forming substances, etc. Such complex materials are often
used in conditions of the gas-liquid flow regime. There are many applications and
manufacturing processes where a continuous phase has complex rheological properties,
e.g., purification of polymeric sewage in water treatment process, gas removal from
polymeric solutions or melts in the production of film, chemical fibers, and other
polymeric materials production, transport of gas-oil mixtures, boiling of high-

molecular-weight solutions etc. (Levitsky and Shulman, 1995)

As the objective of our research is to study the mass transfer process in such complex

media, three water-soluble polymers are chosen for experiments:

= Breox (Polyethylene-polypropylene glycol, HO-(C2H4O)m-(C3HsO)n-H,
BREOX® 75 W 55000, BASF SE, CAS: 9003-11-6)

=  PAAm (Polyacrylamide, (C3sHsNO)n, Sigma-Aldrich, CAS: 9003-05-8)
= Xanthan gum ((CssH49029)n , Sigma-Aldrich, CAS: 11138-66-2)

Breox is a block co-polymer of ethylene glycol and propylene glycol. The high
viscosity and low volatility of this product make it very suitable neat for high-
temperature lubrication. Breox synthetic fluids provide the base for an extensive range
of applications from high-performance industrial lubricants to process aids in food and

pharmaceuticals. The aqueous solution of Breox is a Newtonian fluid.

PAAmM is a polymer formed from acrylamide subunits. PAAm is versatile and used
worldwide to improve commercial products and processes, such as the flocculation of
solids in a liquid, and to enhance oil recovery. The average molecular weight of

commercial polyacrylamide ranges from approximately 2 x 103 to as high as 15 x 108
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g/mol. These large molecules of PAAm greatly influence the products’ properties as a
flocculent and rheology control agent (Kreiba, 2000). The aqueous solution of PAAmM
is one of the most common non-Newtonian fluids and is widely used as the investigated

agent in much laboratory research.

Xanthan gum is a polysaccharide produced by the fermentation of glucose, sucrose, or
lactose and is commonly used as a food thickening agent or to stabilize suspensions and
emulsions (Davidson, 1980). Xanthan gum is highly soluble in both cold and hot water
with relatively high viscosity. One of the most remarkable properties of Xanthan gum
is its ability to produce a large increase in the viscosity of a liquid when added in very
small quantities, of the order of 0.5% in most foods. Xanthan solutions are
pseudoplastic or shear thinning (see Chapter 1). This means that their viscosity
decreases at a higher shear rate, whether from mixing, shaking or even chewing, and

once the shear forces are removed, the solutions will thicken up again.

Chemical structure of these three studies polymers is depicted in Figure 2-1.

I 111
CH,0H CH,OH
0 H N °
HO o 0 OH 0
n m COOH OH OH
HiC o}
|—|3(:/k";":‘6 g P
R (o} O,
11 OH
OH
Oy NH2 R°O cooH S
O, O
OH O 0 OH
n R*O
OH
Figure 2-1 Chemical structure of the polymers. I: Breox; I1: PAAm; I11: Xanthan

gum. Images from Lookchem.com

The reason for choosing these polymers is that their aqueous solutions have a similar

property close to those of fluids present in wastewater treatment or chemical industries
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and have been widely investigated by many researchers that can give sufficient

reference information to our study (Aguirre et al., 2017; Butler et al., 2018; Cao et al.,

2016; Jung et al., 2016; Xie et al., 2017).

2.1.1.1 Preparation of polymeric solutions

Polymer solutions must be prepared with care. Special effort should be expended to

ensure complete, homogeneous dissolution. In this research, the raw materials

(polymers) are in form of dry fine powders. They are dissolved into the deionized water

to prepare the solutions at different concentrations:

=  PAAmM (0.1%, 0.25 %, 0.5%, 1%, 1.25 % wt.)
=  Breox (2%, 5.5% 9.1% wt.)
= Xanthan gum (0.1 %, 0.25 %, 0.5% wt.)

The concentration is expressed in mass fraction defined as the mass of the solute mg

diving the total mass of the solution m;,¢q;:

Wt = Tsolute (2-1)

Mtotal

In order to prepare the solutions of mass m;,.,; at objective concentration wt%, the

procedure can be divided into the following steps:

1.

Clean and dry glassware (beaker, flask), taking care to ensure that no residues
remain;

Weigh the mass of the solute (polymer) which equals to m;,¢q; X Wt%;

Take a flask on the weighing scale and add the solvent (deionized water) until the
mass of the solvent equals to my.q; * (1 — Wt%);

Move part of the solvent from the flask into a beaker and put the beaker on a
magnetic stirrer;

Starting stirring the solvent in the beaker then add the solute slowly into the beaker.

The solution in the beaker is pre-stirred for 6 hours then move the stirred solutions
from the beaker to the bulk solvent in the flask;
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7. Keep stirring the solutions in the flask for 24 hours to make sure the solute is
dissolved and well mixed with the solvent.

The preparation is implemented at the room temperature (293.15 K) controlled by an
air conditioner. Once the solution is prepared, it is used immediately and conserved no

more than one week.
2.1.1.2 Surface tension and density of the solutions

The surface tension of the experimental solutions is measured using a tensiometer
(Kruss K6, Germany, see Figure 2-2-1). The principle is based on Du Nouy ring method
that a platinum ring is immersed in the sample and slowly withdrawn by lowering the
liquid (du Noly, 1925). As the ring is withdrawn, the surface tension causes the wire
to twist and its defection is indicated on a scale which is calibrated for the surface

tension. The result of the measurement is indicated accurately to 0.5 mN/m.
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Figure 2-2 Instruments for the measurement of surface tension and density. I:
Tensiometer (Kruss K6, Germany); 11: Pycnometer (Blaubrand, Germany)

The density of the solutions is measured with a pycnometer or density bottle (Blaubrand,
Germany, see Figure 2-1-11) which is a glass bottle of an accurately calibrated volume.
Each density bottles are individually adjusted. The nominal capacity specified to 0.001
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cm? is indelibly engraved on each bottle. During the measurement, the bottle is filled
with the sample liquid carefully and the weight of the filled bottle is determined with
the mass balance. Subtract the mass of the empty bottle gives the mass of the sample.
Then the density is calculated from the ratio of mass and the volume of the liquid which

is engraved on the bottle

The measurement of the surface tension and density is implemented at the reference
temperature of 293.15 K. For each concentration, multiple samples are tested and the
average result is given in Table 2-1. Compared with the water, it is found that the
addition of the polymer as a solute will slightly increase the density and reduce the
surface tension. For the same type of the polymer, this impact will be enhanced with

higher solute concentration.

Table 2-1 Surface tension and density of the investigated solutions.

Composition Concentration c p

(Wt%0o) [MN/m] [kg/m?]

Water - 72 998

Breox 2.00 % 65 999

5.50 % 63 1007

9.10 % 61 1013

PAAM 0.1% 69 999

0.25 % 67 999

0.5% 66 1001

1% 65 1003

1.25% 65 1004

Xanthan 0.1% 69 999

0.25 % 67 1000

0.5% 66 1001

2.1.1.3 Viscosity of the solutions

Most polymer fluids are non-Newtonian fluids that have complex rheological
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properties like shear-thinning, shear thickening, viscoelastic etc. (Chapter 1). It is
believed that this property has an impact on bubble hydrodynamics and mass transfer
(Levitsky and Shulman, 1995; Shulman and Levitskiy, 1992). It is thus important to
measure the rheological properties. For this purpose, the viscosities of the solutions are
tested with a rotational rheometer (Hakke Mars 111, Germany) under 20 °C. The plate-
plate senor system (i.e. Hakke P35) and the measurement are carried out in operation
modes of rotation with controlled shear rate (CSR). Pure water is also tested as a

reference.

For Breox and water, their flow curves are measured with the shear rate ranging
between 0.1 s to 1000 s. The results are plotted in Figure 2-3. It can be seen that their
shear stress is proportional to the shear rate and the viscosity is independent with the
shear stress. That indicates the Breox solutions are Newtonian fluids. It can also be
found that the viscosities of Breox solutions increase at higher solute concentrations.
The viscosity of Breox solutions at different concentrations is given in Table 2-2. For
each concentration, multiple samples are tested and the error values in Table 2-2 refers

to the standard deviation of the data.
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Figure 2-3 Flow curves of water and Breox solutions. I: shear stress vs shear rate;
I1: Viscosity vs shear rate.
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Table 2-2 Viscosity of water and Breox solutions at different concentrations

Solutions u
[wt] [mPa-s]
Water 1.0+0.03
Breox_2.0% 2.0+£0.03
Breox_5.5% 4.8+ 0.04
Breox 9.1% 111 +£0.11

For PAAm and Xanthan gum solutions, their flow curves are measured with the shear

rate ranging between 0.01 s to 10000 s™. The results are plotted in Figure 2-4 and

Figure 2-5, respectively. It is also found that, at a given concentration, the viscosities

of PAAm and Xanthan solutions both approach a Newtonian plateau at very low and

very high shear rates where the viscosities become constant. Between the plateau,

PAAmM and Xanthan gum solutions both have the apparent shear thinning property that

the viscosity decreases at higher shear rates. However, the shear thinning range is wider

for Xanthan (0.1~100 s in shear rate) than the PAAm solution (0.1~1000 s in shear

rate). Xanthan solutions are more viscous than the PAAm solutions at low shear rates

(<10 s). For example, at a shear rate of 1 s, all viscosities of PAAm solutions are

below 0.1 Pa-s while the value of Xanthan is much higher.
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Figure 2-5 Flow curves of Xanthan gum solutions. I: shear stress vs shear rate; II:
Viscosity vs shear rate with an example of the fitting curve for Xanthan 0.5 wt. %

case.

As introduced in Chapter 1, the viscosities of Newtonian fluids cannot be given as a

specific value. Instead, the rheological models are proposed to characterize the flow

curves. Regarding the flow curves obtained for PAAm and Xanthan, Carreau model

(Byron Bird and Carreau, 1968; Carreau et al., 1968) is suitable for the fluids with shear

thinning property and Newtonian plateau at extreme shear rates. Nonlinear regression

is carried out in Matlab software (Curve Fitting Toolbox) to fit experimental data of the

viscosity with the Carreau model:
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Koo _ N2t )
Lot [ 4 (1) - (2-2)

With four parameters:

e U, isthe viscosity at the zero shear rate [Pa-s];

* U, Isthe viscosity at the infinite shear rate [Pa-s];

e t, isthe relaxation time [s];

e n isthe flow behavior index (dimensionless) related to the shear thinning
level

For each concentration, multiple samples are tested then fitted with the Carreau model.
The averaged result of the four parameters is given in Table 2-3 and the relative

deviation of each parameter is within 10%.

Table 2-3. Fitting result of the viscosity of PAAm and Xanthan gum solution by
Carreau model

Concentration Uo Hoo t;

Composition n r?

(wt) [mPa-s] [mPa-s] [s]

PAAM 0.1% 108.6 2.6 5.91 0.38 0.95

0.25% 124.5 3.6 6.77 0.40 0.95

0.5% 150.1 4.8 8.19 0.42 0.97

1% 246.3 7.0 9.18 0.42 0.97

1.25% 318.6 8.0 11.86 0.43 0.99

Xanthan 0.1% 360.0 1.0 15.12 0.47 0.97

0.25% 3600.0 2.0 26.11 0.33 0.96

0.5% 69000.0 4.0 59.26 0.20 0.98

To evaluate the fitting quality of the model, we usually use the coefficient of
determination in statistics, denoted r2. The coefficient of determination is defined as
the proportion of the variance in the dependent variable that is predictable from the
independent variable(s). Its value ranges from 0 to 1 that O means the dependent

variable cannot be predicted from the independent variable and 1 means the model can
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predict without error.

In our case, if the viscosities are marked u;,..., 4;..., each associated with a predicted
(or modeled) value p,',..., u;"..., the coefficient of determination can be calculated by

the following equation:

(ui— 2

with i the mean value of the measured viscosity. The value of the coefficient of
determination for each concentration is also given in Table 2-3. All the r2 values are

large than 95% indicating the fitting model is reasonable. In detail, the fitting quality is

better for more concentrate solutions.

2.1.2 Oxygen indicator (dye)

Three techniques are used in the study to visualize the mass transfer, i.e. Planar-Laser
Induced Fluorescence (PLIF), PLIF with Inhibition (PLIF-1), and colorimetric
technique (Chapter 1). The oxygen concentration is indicated by different dissolved
dyes: ruthenium complex for PLIF-1 and resorufin for the colorimetric technique and

the PLIF technique.
2.1.2.1 Ruthenium complex

As discussed in Chapter 1, different fluorescence dyes have been listed and compared.
In this study, a type of ruthenium complex is adopted as a fluorescence dye and its
characteristics are given in Table 2-4 with its spectrum is shown in Figure 2-6. The dye
is easy to dissolve in water and has a large separation between absorption and emission
spectra (Stock shift). It has also been proven sensitive to the presence of the oxygen

molecule (Kick et al., 2010, 2012).
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Table 2-4 Characteristics of ruthenium complex (CzsH2:Cl:NsRu-xH;0). Data

from Sigma-Aldrich

Name Dichlorotris(1,10-phenanthroline)ruthenium(ll) hydrate
Formula C36H24C|2N6RU'XH20
Structure:
Appearance Orange powder
Supplier Sigma-Aldrich
CAS 207802-45-7 ®
mol™ NT S
Molar mass“ 712.59 g-mol \ NN o
Water solubility Yes _ /H|u\|3 Q
Peak absorption wavelength 449 nm “ I N il P
Peak emission wavelength 582 nm «
Price 188 €-g*
1
Z 075
g
= 05
3
é 0.25
Q
Z
0 -
400 450 500 550 650 700

Wavelength [nm]

Figure 2-6 Spectrum of the fluorophore (ruthenium complex) expressed in
normalized absorption factor (blue line) and normalized emission factor (orange
line). Image produced according to the data from Fluorophore.org

Compared with the one used by (Jimenez et al., 2013), the main advantage of the dye

considered in this study is its direct solubility in water that it does not require extra

material to make dissolve thus brings smaller influence on the mass transfer

phenomenon. The fluorescence efficiency is tested for different concentrations of dye
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(Jimenez, 2013) by comparing the difference of the gray levels when dissolved oxygen
concentration varies from 0 mg-L™ to 3 mg-L™. The result is depicted in Figure 2-7
where the variation of the gray level is plotted as a function of the concentrations of
dye. Itis found that when the concentration of the dye passes a critical value (~75 mg-L"
1, the fluorescence efficiency no longer increases. Thus the concentration of dye is set
at 75 mg/L to guarantee fluorescence efficiency and economy. Before each experiment,

the dye will add into the polymer solutions and blend together for 1 hour for well mixing.

2500

2000

1500

1000

Grey level variation

500

0 25 50 75 100 125 150
Concentration of the dye [mg-L]
Figure 2-7 Variation of gray level (12 bits format) for dissolved oxygen

concentration between 0 and 3 mg-L* as a function of the dye concentration.
Reproduced from (Jimenez, 2013).

2.1.2.2 Resazurin (resorufin)

Another dye used in this research is resazurin and its characteristics are given in Table
2-6. Resazurin is a phenoxazin-3-one dye which has been widely employed for testing
bacterial or yeast contamination in biological fluids and milk, and also identifying the

semen quality by colorimetry since the 1950s (Erb and Ehlers, 1950).
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Table 2-5 Characteristics of the resazurin. Data from Sigma-Aldrich

Name 7-Hydroxy-3H-phenoxazin-3-one-10-oxide

Formula C12HsNNaO,

Appearance black powder Structure:

Supplier Sigma-Aldrich

CAS Number: 62758-13-8 [0} 9) ONa
Molar mass 251.17 g-mol™ @: D/
Water solubility Yes \N

Peak absorption wavelength 572 nm l

Peak emission wavelength 583 nm O

Price 30€.g*

The dye solution is prepared with 100 mg-L™* in the presence of sodium hydroxide

(VWR, USA, CAS: 1310-73-2) and D-glucose anhydrous (Fischer Scientific, USA,

CAS: 50-99-7), both diluted at 20 g-L™*. Under this condition, the corresponding

enhancement factor equals to 1.03, which means that the enhancement effect of the

colorimetric reaction on the diffusion could be negligible (Yang et al., 2017a).

According to the principle of the colorimetric technique (Chapter 1), when resazurin

dissolves in water, it reacts with the water and it is reduced to resorufin which has a

pink color. In fact, these pink resorufin molecules play a role as an oxygen indicator.

On the other hand, it is known that resorufin is also highly fluorescent. This property

makes it can also be used as a dye for PLIF technique. The spectrum of the resorufin is

shown in Figure 2-8.
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Figure 2-8 Spectrum of resorufin expressed in normalized absorption factor (blue
line) and normalized emission factor (orange line). Image produced according to
the data from Fluorophore.org

2.2 Experimental setup

To implement the three techniques (PLIF, PLIF-1, and colorimetric technigue), the
experimental setup, depicted in Figure 2-9, is based on the dual camera system
(Francois et al., 2011a). The experimental system is placed in a thermostatic
environment (293.15 K) controlled by an air conditioner and under atmospheric

pressure. The specific parameters of each instrument are introduced as follows:

2.2.1 Column

The glass column made of PMMA (Poly (methyl methacrylate)) has a dimension of
100x100x300 mm?. A stainless steel needle (calibers ~ 0.5-1 mm)) is inserted into the
column through a hole located 20 mm above the bottom of the column. The needle is
used for bubble injection that the bubble is pushed out from the tip of the needle when

the other side of the needle connects to a syringe pump.
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High speed camera

~— Nd:Yag laser

Acquisition system

Synchronizer —

— Syringe pump

Figure 2-9 Experimental setup

2.2.2 Syringe pump

A syringe pump (Harvard Apparatus PHD 22/2000 Programmable, USA) is used for
the purpose of bubble generation. A syringe pump is a small, positive-displacement
pump used to gradually transfer precise volumes of fluid. In this study, a syringe of
volume 20 mL is installed on the pump. A pusher block driven by a stepper motor
pushes against the plunger of the secured syringe for infusion. The pump’s stepper
motor is precisely turned by a lead screw threaded through a pusher block so that the
infusion rate can be precisely controlled. In order to generate isolated bubbles, the
infusion rate is set as small as 1 uL-h™t. When the stepper motor turns in the opposite

direction, the pusher block will pull syringe plunger and the syringe will be refilled.

2.2.3 Nd:YAG laser

A laser sheet is generated by a Nd:Yag laser (Dantec Dynamics Dualpower 200-15,

France) and set about 100 mm above the needle. The high-intensity laser (2x200 mJ)
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emits light with a wavelength of 532 nm which is located between the peak absorption
wavelength and peak emission wavelength of the dye (see Figure 2-6). It enables the
excitation of the dye with a frequency of 15Hz. It should notice that for the colorimetric

technique, the laser is not necessary.

2.2.4 CCD camera

When the bubble rises in the column, the images of the fluorescence in the wake of the
bubble are recorded by a Charge-Coupled Device (CCD) camera (Dantec Dynamics
Flowsense CM). The camera is put under the column and focused on the laser sheet. A
microlens (105 mm f/8, Canon) with an extension tube (36 mm) is applied to greater
the magnification of the investigated area. The length scale is calibrated with a ruler
and image area in real distances is about 10 x 10 mm?2. A 570 nm high-pass filter is also
placed in front of the lens to block the laser light. The CCD camera is synchronized to
the laser so 15 images are acquired every second in forms of 12 bits and 2048x2048
pixels of resolution. For each bubble, the time is set to 0 when the first picture

containing the transferred mass is taken.

2.2.5 High-speed camera

A high-speed camera (Photron SA3, Japan) is placed orthogonally to the first camera,
next to one lateral side of the column. It is used to capture the hydrodynamics of the
bubble such as the velocity, shape, and trajectory of the bubble at a rate of 2000 fps.
The images are in 8 bits format with a resolution of 1024x1024 pixels. The length scale
is calibrated with a ruler and image area in real distances is about 30x30 mm?. The

backlight provided by a lighting board facing to the camera.

2.2.6 Acquisition system

The images from the two cameras are then transferred to the acquisition system, which
consists of two professional software packages (DynamicStudio 4.0 / Photron Fastcam
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Viewer (PFV2)). They can realize simple image treatment such as color filtration,
length calibration etc. For further processing, the acquired images are exported in .TIF
format and treated with the Matlab software. The detail on the image processing is

present in Section 2.5.2.

It should be noticed that the above experimental setup is for characterizing the mass
transfer in the bubble wake. To visualize the mass transfer near the bubble interface,
the laser sheet can be changed to be vertical and the positions of the two cameras may

be switched. The detail is introduced in Chapter 3.

2.2.7 Oxygen probe

Except for the instrument depicted in Figure 2-9, an oxygen probe is usually used
during the experiment for calibration or monitoring the oxygen concentration as a
reference. The probe system is composed of a portable meter and an optical probe (HQd
Digital Meter & IntelliCAL LDO Probe, HACH®). This IntelliCAL LDO is a product
of luminescence-based LDO technology (DeGraff and Demas, 2005) providing precise

and accurate measurements at a wide range oxygen concentration.

The HQd Meter provides a continuous measurement mode which is to measure
automatically in a selected time interval, 10 seconds in the experiments. The data is
saved in the internal inventory of the meter and available for further export. A test of
the probe is carried out to measure the oxygen concentration in water and the result is

stable proving good reliability of probe (see Figure 2-10).
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Figure 2-10 Evolution of the oxygen concentration in tap water by the oxygen
probe (IntelliCAL LDO Probe, HACH®)

2.3 Experimental protocol

With the equipment introduced above, the general procedure of the experiment can be
divided into the following steps. It should notice that different from the laser techniques
(PLIF and PLIF-I) several steps are not necessary for the colorimetric technique

including laser adjustment and the process to deoxygenate and re-oxygenate the

solution.

1. Fill the column Gently pour 2L of the investigated fluid (polymer solution
+ fluorophore) into the column. Remove the small bubbles
adhered to the wall of the column until the fluid looks clear
and homogeneous.

2. Adjust the Launch the syringe pump to generate bubble regularly then

cameras adjust the position of the two cameras until the bubbles can

appear or pass at the center of the image. Stop the pump.
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3. Calibrate with
ruler

4. Adjust the laser
(only for laser
techniques: PLIF
and PLIF-I)

5. Deoxygenate the
solution (only for
PLIF-1 techniques)

6. Take reference
images

7. Inject a single
bubble

Insert a home-made ruler (see Figure
2-11) into the liquid which is
composed of two rulers being
perpendicular to each other. Adjust
the high-speed camera to focus on the
vertical ruler and the CCD camera
focus on the horizontal ruler. An
image for length calibration is then
caught by each camera.

——

Figure 2-11 Ruler

Launch the laser (with very low power) to have a horizontal
laser sheet. Then adjust the height of the laser until the laser
is coplanar with the horizontal ruler. Stop the laser.

Inject the nitrogen bubbles using a
sparger (see Figure 2-12) into the
column to deoxygenate the
solution until the dissolved oxygen
concentration become close to O.
After the deoxygenation, it needs
to wait for the solution being still
again. The oxygen concentration is
monitored and recorded by the
probe.

v Gasinlet

Orifice for

- bubbling

Figure 2-12 Sparger

Launch the laser again and use the cameras to take images
of the investigated area. The image record by the CCD
refers to the initial oxygen concentration [0,], while the

image by high speed camera can be
image for removing the background.

used as the reference

Launch the syringe pump to generate a single bubble.
Turn on cameras then the high-speed camera captures the
movement of the rising bubble while the CCD synchronized
with the laser take images of the mass transfer in the wake

of the bubble. Stop the camera and
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8. Re-oxygenate the
solution (only for
PLIF-1 techniques)

9. Purge and clean

visualize a new bubble, it should repeat from step 5.

In order to calibrate the oxygen concentration versus gray
level on the image, inject the air bubbles using a sparger to
oxygenate the solution. Choose several reference
concentration (e.g. 3, 5, 7...mg-L™?) including saturated
concentration [0,]* and for each concentration, use the
CCD to take the 100 fluorescence images of the
investigated area. The calibration process is discussed in
Section 2.5.1.

Drain the column and clean it with the ethanol several times
to avoid the remains that may bring impact on the next
measurement.

2.4 Methods on bubble hydrodynamics

2.4.1 Bubble velocity and trajectory

The hydrodynamic properties of the rising bubble are obtained from the sequence of

images recorded by the high-speed camera. An example of the experimental images is

shown in Figure 2-13-1 where the profiles of the rising bubble recorded at 7 different

moments are depicted on the same image. Depending on the bubble velocity, hundreds

of frames are saved to characterize the rising process of the bubble. To calculate the

velocity of the bubble, on each frame containing the bubble profile is converted to

binary images (Figure 2-13-11 showing 7 frames). Then the centroid (xi, yi) of the bubble

in each frame is recognized and processed in Matlab software. Plot the centroids of the

bubble on a coordinate plan will give the trajectory of the bubble (see Figure 2-13-111)

The distance between the centroids in two successive frames divided by the time

interval At (1/2000 s) gives the velocity of the bubble:

Horizontal velocity

Ux — Xi+17Xi (2_4)

At
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Rising velocity U, = (2-5)
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Figure 2-13 Example of the trajectory of the bubble. I: Raw images, Il: Binary
images, I11: Trajectory of the bubble

2.4.2 Bubble shape and size

The raw images recorded from the experiment cannot be used directly for the bubble
shape investigation. A Matlab image processing procedure is implemented to extract
the bubble profile from the raw images. The specific steps are displayed in Figure 2-14.
Firstly, a reference image concerning the background, which is taken before the passage
of the bubble, is subtracted from the raw image (Figure 2-14-1). The image thus
obtained is then transformed into a binary image (Figure 2-14-11) on which the bubble
is depicted by a black spot after the background noise is removed. Since the bubble
usually slants while rising in the liquid, a rotation is implemented to situate the major
axis of the bubble along the vertical direction and fitted the coordinate system. The

bubble contour (Figure 2-14-1V) is finally extracted by recognizing the boundary of the
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bubble spot (Figure 2-14-111).

* e

Raw image Binary image Horizontal image Profile of bubble

Figure 2-14 Schematic views of the image processing steps (Example of a bubble
rising in 0.5 % wt. Xanthan solution).

I 1 Bubble rising dircction I

2xe v 2

H

0

Figure 2-15 Schematic diagram of the bubble profile (1) and the processing method
for the equivalent diameter of the bubble (I1).

As shown in Figure 2-15-1, the images obtained from the experiment were two-
dimensional bubble profiles. The aspect ratio of the bubble is defined as the ratio
between the minor axis (width of the bubble: 2x.) and the major axis (length of the

bubble: y,) of the bubble profile:

Aspect ratio: E = zyﬂ (2-6)
A

With respect to the bubble equivalent diameter, a reconstruction of the three-
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dimensional bubble is implemented (see Figure 2-15-11) by supposing that the bubble
shape is axisymmetric with the minor axis of the bubble profile. Then the solid bubble
is divided into a set of small circular conical frustums. For each frustum, the lateral

surface area Si and the volume Vi are defined as follows:

S;=n(R+1)JR =12+ h? (2-7)

vV, = §7Th(R2 + 72 + Rr) (2-8)

where R and r the radius of the lower and upper cross-sections, respectively, and h is
the height of the frustum. These three variables can be directly obtained from the bubble
profile recorded by the high-speed camera. The surface area of the bubble is the sum of

the lateral surface area of all the small frustums:
Surface area: S, =XN.S, (2-9)

Similarly, the equivalent diameter can be calculated from the total volume of all the

E . l . . _ 3 GZIL-V=1 Vi _
quivalent diameter: D, = —— (2-10)

small frustums:

2.5 Methods on mass transfer quantification

2.5.1 Calibration of gray level and dissolved concentration

The mass transfer in the bubble wake is recorded by the CCD camera. To enable the
quantification of the mass transfer, a calibration is necessary to establish the
relationship between the gray level on the image and the actual dissolved oxygen

concentration.

73



Chapter 2 Material and Methods

2.5.1.1 Calibration for PLIF-I technique

As present in Chapter 1, according to the theory of (Stern and Volmer, 1919), the
fluorescence level is directly related to the quencher concentration in the liquid. In our
experiment, the fluorescence level can be replaced by the gray level on the image and
the quencher concentration equals to the dissolved oxygen concentration [O,]. Hence,

(1-39) can be transformed into the following equation:

L1 K ;
o = o o, 02 (2-11)

where GL and GL, are the gray levels in the presence and absence of oxygen,
respectively. It can be seen that the reciprocal of the gray level is proportional to the
dissolved oxygen concentration. Thus, for the calibration, images of the fluorescence
area are taken in the condition of different dissolved oxygen concentrations (see Section
2.3: re-oxygenate the solutions). An example of the calibration figure depicting the gray
level according to the oxygen concentration is given in Figure 2-16 along with gray
level images related to the experimental points. The experimental points are fit with Eq.

(2-11) and the fitting curves have good linearity (see Figure 2-16-11).

12
10 1/G = 8.40E5 [02] + 3.06E+ x
= 99%
g x
6 - x

1/Gray level [ x 10)
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—— Stern-Volmer Correlation
0 T T 1
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[02] [mg.L"]
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=8 IIII
38 204 367 ]
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Figure 2-16 Calibration between grey level and the dissolved oxygen
concentration for PLIF-1 technique. I: Experimental images under different
oxygen concentration; I1: calibration curve (GLo= 3267, Ksy=0.27 L-mg™?)
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The calibration for each tested fluid is performed individually. The specific values of
the parameter GL, and K, depend on the concentration of the dye and setting of the
equipment including the laser intensity, the aperture and shutter speed of the camera.
Exclusively, the calibration area will also alter the calibration result. To verify this
impact, the calibration is carried out for areas of a series of concentric circles. As shown
in Figure 2-17, the parameters GL, and K, are calculated for the calibration area
within each circle. It can be seen that when the calibration area reduces, the values of
GL, decrease (see Figure 2-17-1) since the bright zone near the image edge is removed.
On the other hand, the values of K, does not have great variation but it becomes more

stable for a smaller calibration area (Figure 2-17-11).

It should notice the above calibration is implemented based on the data of the averaged
gray level within the calibration area. For higher precision, the “pixel to pixel”
calibration method (Valiorgue et al., 2013) may be used instead to calibrate for each
pixel. A test by this technique is done and the parameter GL, and K, are calculated
for all pixel within the circles. The result is in Figure 2-17 where the standard deviation
of GL, and K, isdepicted with the error bar. It can be seen that when the calibration
area is small enough, the deviation of the calibration result is moderate (e.g. within a
200%200 pixels area, the gray level variation is less than 10 degrees for 12 bits image).
Regarding the “pixel to pixel” calibration is time-consuming and requires a lot of
computation resource, we use an averaged calibration within the circle of 200x200

pixels.
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Figure 2-17 Impact of the calibration area on the calibration result; I:
Concentric calibration area; 11&I111: Evolution of parameter GLo and Ksy versus
the diameter of the calibration circle.

2.5.1.2 Calibration for PLIF technique

For the PLIF technique with the dye of resazurin, the calibration measurement is similar
to the one for colorimetric but adding a laser facing to the camera. The 100 fluorescence

images are taken for each resazurin solutions (0, 40, 70 and 120 mg-L™).

Regarding that the mount of the fluorophore (resorufin: product from the oxidation of
the resazurin) is proportional to the consumed oxygen (Eq. (2-13)), and based on the

principle of traditional PLIF technique (Chapter 1), the following relation can be driven:
GL < I-]0,] (2-12)

with [ a constant denpend on the laser intensity. An example of the calibration curve
between the averaged gray level GL and the local oxygen concentration [0,] is

shown in Figure, so that the mass transfer can be quantified in the experiment.
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Figure 2-18 Calibration between grey level and the dissolved oxygen concentration
for PLIF technique. I: Experimental images under different oxygen concentration;
11: calibration curve

2.5.1.3 Calibration for colorimetric technique

According to the oxidation reaction expressed in Chapter 1, when there is a sufficient
amount of resazurin to react with all the oxygen transferred, the number of moles of
dissolved oxygen can be deduced from the number of moles of resazurin, as

_ Nresazurin __

_ Nresorufin
noztransferred - nozreacted - 2 - 2 (2'13)

Therefore, for the calibration process, resazurin solution of different concentrations has
been prepared: 0, 40, 70 and 120 mg-L"* which refer to the concentration of oxygen: 0,
3, 5, 8 mg-L™. They are saturated with oxygen from the air in order to reach their
highest intensity of pink (or their highest value of grey level on the acquired image)

then added in

For each concentration, about 100 pictures without bubbles are recorded and calculated
their averaged gray level. Then a linear relationship between the gray level and the
transferred oxygen concentration is found, enabling the quantification of the mass

transfer.
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Figure 2-19 Calibration between grey level and the dissolved oxygen concentration
for colorimetric technique. I: Experimental images under different oxygen
concentration; 11: calibration curve

2.5.2 Image processing

Using the calibration curve, the experimental images can be converted to the dissolved
oxygen concentration fields where the mass transfer can be presented as a circular spot
(for small bubbles with D,,~1 mm, see Figure 2-20-1). It is obvious that there is a lot
of noise on the image and the background is not homogeneous that can dramatically
distort the results. These noise may be induced by various possible sources during the
experiment such as laser instability, photobleaching (Axelrod et al., 1976), Beer-
Lambert absorption (Mayerhofer et al., 2016). In order to improve the image quality
for further investigation, an image processing procedure is implemented using Matlab
software. It should be noted that the images presented in Figure 2-20 have a resolution
of about 200%200 pixels as the border is removed from the original 1024x1024 pixels

image. The laser illuminates from the right-hand side to the left.
2.5.2.1 Step 1: Subtract the background

The process consists of, first, subtracting the background image from the raw image.

The background image is a reference image corresponding to the average of 50 images
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taken just before the bubble passing. After the subtraction, the concentration difference

between the right-hand side and the left is reduced (Figure 2-20-11).

50 100 150 200

Figure 2-20 Image processing. I: Raw image of dissolved oxygen concentration
field; 11: Image after subtracting the background.

2.5.2.2 Step 2: Shift all the values of the image

After the subtraction, the background value is still different from zero and some values
are even negative. The probability distribution of oxygen concentration at the zone
without transfer (Figure 2-21-1) is plotted (Figure 2-21-I1). It is found that the

background values follow a normal distribution:

1 _{021-w?

fA0]) = 7=e 2 (2-14)

where u is the mean value of data and o is the estimated standard deviation.

Obviously, most of the background concentration is between -0.4 mg-L™* and 0 mg-L-
! and the mean value p of the background concentration is negative. To fix this
distortion, shift all the values of the image (including the mass transfer zone) to make
the mean of background concentrations (without transfer) become 0 mg-L™. Then the
majority of the background value will be between -0.2 mg-L* and 0.2 mg-L™. (see

Figure 2-21-11 bubble line)
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[O2]img/L)

=} zone without transfer o
Figure 2-21 Image processing. I: Zone without transfer; Il: Image after

subtracting the background.

2.5.2.3 Step 3: Apply a threshold

After the previous step, there are still some negative values. Thus, a threshold A is then
set as defined in Eq. (2-16) to eliminate the influent of background noise and determine
the boundary between the background of the image and the transferred mass by the

bubble:
For [0,] = A X gy, [0,]
For [0,] < A X asg, [0,]=0 (2-15)
1€10,1,2,3,4,5)

where o, is the estimated standard deviation of the distribution of oxygen
concentrations of the image background obtained from the Section 2.5.2.2. The choice
of the threshold factor is crucial since it directly affects the quantification of the total
amount of the oxygen diffusion. Depending on the image quality, the threshold factor
is chosen for each image to minimize the noise and maximize the spot of mass transfer.
For most cases, a threshold factor of 3 is high enough (Jimenez et al., 2013). The image

after applying a threshold is shown in Figure 2-22-11.
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2.5.2.4 Step 4: Oxygen field fitting

In previous studies (Dietrich et al., 2015; Francois et al., 2011a), it was found that, for
quasi-spherical bubbles, the diffusion spot is circular and presented a Gaussian profile.
Thus a fitting model is proposed for the diffusion spot which will facilitate the further
mass transfer quantification (Section 2.5.4). So the oxygen concentration [0,] on the

pixel (x, y) is estimated by:

[0,] (x,y) = Aexpw +C (2-16)

where A, B are the parameters representing the properties of a Gaussian distribution, C
is the mean value of the residual noise on the image, and (X,Y) is the center of the spot.
With the Fminsearch solver (Matlab software), these five parameters are determined by
minimizing the error between the measured value [0,] and the value from Eq. (2-16).

For initialization, the parameters were set as follows:

e Initialization of A: Maximum value of [0,] on the spot

e Initialization of B: Variance of the Gaussian by placing on a fixed line passing
through the center of the spot

e Initialization of C: Minimum value of [0,] on the spot

e Initialization of (x,y): Coordinates of the maximum [0, ]

11
= 80 ) -
140
180 V
Figure 2-22 Image processing. I: Image after applying a threshold; 11: Image

fitted with the Gaussian model.
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The fitted oxygen concentration field is shown in Figure 2-22-1. After the fitting process,
the concentration in the bulk of the image, which does not contain the transfer spot, is
uniform. Thus the real oxygen concentration field can be expressed by the following
equation, where the noise term C is removed. The detail on the parameters A, B, and C

are discussed in greater detail in Chapter 5.

[05] (x,y) = A exp—EXHOTT 597y

B

2.5.3 Determination of the diffusion coefficient

According to the diffusive regime presented in Crank (1979), the diffusion coefficient
D can be calculated with the experimental images. The concentration [O2] is expressed
in this problem as the amount of diffusing oxygen per unit area of the image. The
instantaneous concentration at a position (X, y) on the cross-section of the bubble wake

(bubble spot) is given by:

[0,]C6,3,0) = 2o expCE2)y  (218)

4Dt

where M is defined as the total amount of substance diffusing from a point source on

an infinite plane surface, by performing the integration
M=["_[" [0,]dxdy (2-19)

At a fixed time t, for a bubble spot with area S, the oxygen concentration field could be

expressed as:

[1,1021Ce, y)dxdy = [f, 22 exp ((E22)) dxay (2-20)

For a quasi-circular spot of radius R, the Eq. (2-20) could be expressed in the polar

coordinate:
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exp(—)rdr (2-21)

4mDt 4Dt

1110516, ") dxdy = [;" d6 [} —
With
w=—— (2-22)

It remains:

[1,10,)(6, r)dxdy = [ exp(ydw  (2-23)

In the other hand, according to the probability theory, the probability density f(w) of

Chi-squared distribution in k freedom degrees can be written as:
k
For w > 0: F(w) = (1)§W'§ exp (i) (2-24)
rz) 2
Otherwise fw)=0 (2-25)

with I"the gamma function (Weisstein, 2002). In our study, the freedom degrees k is 2

(60 and r) and definitely w > 0 (Eq. (2-22)). Therefore, the Eq. (2-24) becomes:

fw) =3 exp(5) (2-26)

Comparing the forms of Eq. (2-23) and Eq. (2-26), the following equation can be

derived:

v = fOZRTff(W)dW (2-27)

It could provide the feasibility to determine the diffusion coefficient D from the
proprieties of chi-squared distribution. It is known that in the case of k = 2, the

cumulative distribution function of chi-squared distribution has a simple form:
21 — (7
Plw < nlw~x?] = [ f(w)dw (2-28)

=1—e 2 (2-29)

where P the probability in case w < n and w is distributed according to Chi-squared
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law. An example of values of P versus n is given in Table 2-6.

Table 2-6 Relation between parameter n and P of Chi-squared distribution

P
0.3995
0.6321
0.7769
0.8647
0.9179
0.9502

o oA WN PSS

Substituting Eq. (2-29) into Eq. (2-27), the relationship between the diffusing oxygen
concentration field and probability property of chi-squared distribution is given by the

following equation (Xu et al., 2017):

ffgspo [021(r.0)rardg
M

—1-e (2-30)

where M and [0,](r, 0) are the total transferred mass and the oxygen concentration
on the circular spot plan. The right-hand term of Eq. (2-30) denotes the cumulative
possibility P(n) of a chi-squared distribution of 2 degrees of freedom with a positive
integer parameter n. From Eq. (2-30), it is deduced that, once the value n is fixed, the
ratio between the oxygen diffusing within the area S and the total transferred mass M
will stay constant. Since the mass transfer in the vertical direction is already neglected,
the total transferred mass, M, on the cross-section of the bubble wake is also constant
and the diffusion is assumed to occur only in the fluorescence plane. Therefore, the area
Sspot Will expand when the oxygen diffuses from the spot center to the surroundings.

Obviously, the speed of expansion depends on the diffusion coefficient.

For the quasi-circular spot of radius R, the area, S, is givenas (Xuetal., 2017):

Sspot = MR? = 2mnDt (2-31)
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Pixel number

Figure 2-23 Determination of the diffusion coefficient (N: total number of pixels
on the image, N': number of pixels within area Sg,,;, [0];: 0xygen

concentration at i pixel)

Thearea Sg,,. can be obtained from a processed image from which the noise has been
removed (expressed by Eq. (2-17)). As depicted in Figure 2-23, the following steps

were implemented:

1) Choose n and calculate P(n);
2) Sort the concentrations in all the pixels N in descending order;
3) Sum all the oxygen concentrations (indicated by green color);

4) Perform a cumulative sum to achieve the proportion P(n) of the total
concentration (indicated by red color);

5) Count the number of pixels N’ forming this cumulative sum;

6) Multiply the number by the surface of a single pixel 6% to obtain S,
From Eq. (2-31), for constant D and achosen 7, the area, S, expands linearly with
time t. The speed of expansion is related to the slope of the curve S,,.-t and the

diffusion coefficient D can thus be determined. The result of diffusion is discussed in
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Chapter 5.

2.5.4 Determination of the liquid side mass transfer coefficient

With the dissolved oxygen concentration field, mass transfer can be quantified. The
mathematical approach used to calculate the mass transfer coefficient is based on a
previous study by Francois et al. (Francois et al., 2011a). It is assumed that, when the
bubble has passed far enough from the investigated plane (fluorescence plane in this
study), the effect induced by the bubble passing or the convection can be neglected.

Thus the total flow rate of mass transfer from the bubble can be approximated as:

F, =200 (2-32)

2 dt

with m,, the mass of oxygen transferred by the bubble.

Bubble

Transferred
mass

Laser sheet

Figure 2-24 Description of the mass balance domain

Mass transfer can then be tracked by the oxygen accumulation in the distant wake.
Under a cylindrical coordinate system (r, 6, z), as depicted in Figure 2-24, the
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accumulation term can be written in volume V as:

dmgo . mo., (t+At)—me, (t)
Fy, = 2 = lim —2 2

2 dt At—0 At

[y &2 0,](r,0,2)av
m —~ G (2-33)

=li

Az—0

Away from the bubble, the variation of the oxygen concentration [0,](r,6,z) inthez
direction can be neglected compared with the variation along the r direction, which
implies [0,](r,8,z) = [0,](r, 8). Thus Eq. (2-33) can be simplified as:

[7+bs

Fy. = lim =
02 Az—0

dz [[[0,](r,0)rdrd6
fZZ+AZdZ/Ub

= U, [[[0,](r, 0)rdrdo = U,.M (2-34)

where M is defined as the total mass transferred on the infinite cross-section in the
bubble wake. In the study, this cross-section refers to the investigated plane where the
fluorescence occurs and the dissolved oxygen concentration field (containing the

diffusion spot) is recorded by the camera.

In the general case, whatever the shape of the diffusion spot, the transferred mass, M,
[mg-m™] can be calculated simply as the sum of the oxygen concentrations [0,]; in

all pixels on the experimental image:
M = Z[Oz]igpixel2 (2'35)
where 6pixelz is the area of a square pixel [m?].

If the spot is circular, the concentration field on the image is assumed to have a Gaussian
distribution. As already presented in Section 2.4.2, the concentration field can be fitted

by EQ. (2-16). Thus the transferred mass M can be calculated directly as follows:
M = mAB (2-36)

Based on the knowledge of M and the bubble rising velocity Us, the flow rate F,,can
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be obtained (Eq. (2-34)). Then the flux density /,, can be deduced using the bubble

surface area S (Eq. (2-9)) and, finally, the liquid side mass transfer coefficient k; is

equal to the flux density or flux J,, [mg-st-m?] divided by the driving force

([Oz]sat - [OZ]bulk):

Jo, = S—bz (2-37)
_ Jo, -
kL= o7 (2-38)

where [0,]* and [0,], arethe oxygen concentrations at saturation and far away from
the mass transferred by the bubble, respectively. These two values are determined using

an optical oxygen probe (see Section 2.3) for each liquid investigated.

2.5.5 Error analysis

Based on the method to calculate the diffusion and mass transfer, the error and the

uncertainty of the measured result is defined and estimated by the following methods:
2.5.5.1 General rule for combination of errors:

For a function Z = f(Xy, X5, X3, -+ Xy), assuming the variables in the equation are

uncorrelated, it has:

an=1nf(X1,X2,X3,"-XN) (2'39)
dZ _ dInf dlnf dln f dln f )
7 - 6X1 Xm + 6X2 dXz + 6X3 dX3 + + a_XN dXN(2 40)

Thus the uncertainty can be defined:

5 \/(alanXl)z 4 (UL px,)" 4 (2L ax,) o

dln 2
Laxy)
z X, X, 9X3 XN

(2-41)
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2.5.5.2 Error of image fitting

The experimental oxygen concentration field is fit by a Gaussian equation, the error is
defined as the difference between the measured value [0,]; and the fitting value

[0,]; ricin all the fitting area (200x200 pixels in this study):

err = Zil[OZ]i,fit - [02]i| (2-42)
The relative error:

Yill02]; rie—[021i]

0fy =
err Si021;

(2-43)

2.5.5.3 The uncertainty of diffusion coefficient D

In our study, according to Eq. (2-31), the diffusion coefficient D is obtained by the

function:

= Sspot (2-44)

- 2mnt

So the uncertainty of D is:

2 2
AD _ | (ASspot At -
> = \/(Sspot) + (2mn %) (2-45)
Regarding that the uncertainty of the time is generally negligible, this expression can
be simplified by only considering the impact of S,,;. As the S, is calculated by

counting the number of pixels (Section 2.5.3), it can be assumed that the deviation of

Sspot should be within the area of a single pixel (§%):

AD _ |ASspor| _ 6% (2-46)

D Sspot Sspot
Moreover, as shown in Fig. 13, we have one value S;,,; for each recording moment.
So if there is N recording moments, the final uncertainty of D should be equal to the

average:
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AD _ 1wy _&° )
S =T — (2-47)

L Sspot,i
2.5.5.4 The uncertainty of diffusion coefficient k;

According to Section 2.4.3, the mass transfer coefficient k; is obtained by the function:

_ UpAB
Deq2 ([Oz]sat_[oz]bulk)

k, (2-48)

So the uncertainty of D is:
Mo _[(8a)2 | (8BYZ (8,7 (w_q)2 20\ .
ki j(A) * (B) * ( Ub) 4 Deq * ([Oz]sat_[oz]bulk) (2-49)

e AA and AB can be obtained from the image fitting process as their variation
in the interval [err, (1 + 5%)err];

e AU, and AD., can be determined from the hydrodynamics result of the

bubble;
e A[0,] depends on the accuracy of the oxygen probe

2.6 Conclusion

The material and method used in this research are introduced in the chapter.

Firstly, three different polymers are chosen since they are very common and have a
wide application in the industry. The aqueous solutions of the polymers are prepared
carefully and their physical properties are measured. Compared with the water, it is
found that the addition of the polymer as a solute will slightly increase the density and
reduce the surface tension. According to the result measured by the rotational rheometer,
the Breox solutions are Newtonian fluids. The PAAm and Xanthan solutions are non-
Newtonian fluids that they both have a shear thinning property under the shear rate
between 0.1 s and 100 s*. In this range, the investigated Xanthan gum solutions are

more viscous than the PAAm ones.
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Secondly, three techniques are used in the study to visualize the mass transfer, i.e.
Planar-Laser Induced Fluorescence (PLIF), PLIF with Inhibition (PLIF-I), and
colorimetric technique. The experimental setup and procedure for different techniques
are basically the same except that the colorimetric technique is carried out without the
laser. The column is filled with the polymer solution mixed with the dye (ruthenium
complex or resorufin). Once a single bubble is injected, the images of mass transfer and
the movement of the bubble are captured by the two-camera system (CCD+high speed

camera).

Analyzing the images acquired by a high-speed camera, the bubble velocity and
trajectory can be obtained by recognizing the centroid of each frame. For calculating
the bubble size, a three-dimensional bubble is reconstructed and divided into small
circular truncated cones. The bubble surface area and volume equal to the sum of these
small cones. Then the equivalent diameter of the bubble can be deduced from the

volume.

On the other hand, the image from the CCD camera is used for mass transfer
characterization. To enable the quantification of the mass transfer, a calibration is
necessary to establish the relationship between the gray level on the image and the
actual dissolved oxygen concentration. The calibration processes are carried out by
taking images for several solutions at preset oxygen concentrations then the calibration
curve is obtained based on the principle of each technique. Using the calibration curve,
the experimental images can be converted to the dissolved oxygen concentration fields
where the mass transfer can be presented as a circular spot. After the image processing
by Matlab software, the noise and background impact are removed and the

concentration field can be used for mass transfer characterization.

Finally, the methods for calculating the diffusion coefficient and mass transfer
coefficient are introduced. To calculate the diffusion coefficient, the chi-squared
probability density function is introduced to describe the diffusing oxygen

concentration field. It is found that the ratio between the oxygen diffusing within the
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specific area S, and the total transferred mass M refers to the diffusion coefficient.
The diffusion coefficient D can thus be determined from the slope of the curve S,
as a function time. To calculate the mass transfer coefficient, it is assumed that, when
the bubble has passed far enough from the investigated plane (fluorescence plane in
this study), the effect induced by the bubble passing or the convection can be neglected.
Thus the oxygen is transferring only within the cross-section of the bubble wake and
the transferred mass equals to the sum of the oxygen concentrations in all pixels on the
experimental image. With the bubble velocity and surface area of the bubble, and the

driving force measured by the probe, the mass transfer coefficient can be determined.
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Comparison of different visualization
techniques (PLIF, PLIF-1 and colorimetric

techniques)

Abstract:

In this chapter, the visualization techniques are reviewed according to their application
to different systems. In order to compare the representative techniques, three sets of
experiments are conducted to characterize the local mass transfer and the diffusion
around a single air bubble (with equivalent diameters ~1 mm) rising in water by using
PLIF (with fluorescent resorufin), PLIF-1 (with ruthenium complex), and colorimetric
techniques (with pink resorufin), respectively. It aims at comparing these three
techniques and figuring out their advantages as well as their limitations. The
comparison is divided into two parts: the visualization and the quantification of the
mass transfer. The discussion focuses on the image quality, the equipment requirement,
the accuracy of quantification result including the mass flux, diffusion coefficient, and
mass transfer coefficient. This chapter provides a guideline for choosing the
visualization technique to accurately visualize and characterize the local mass transfer

in gas-liquid systems.
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3.1 State of the arts

As presented in Chapter 1, most of the modern visualization techniques for gas-liquid
mass transfer are based on the addition of the indicator (fluorescence dye or
colorimetric dye) into the liquid phase. According to the principle of these techniques,
they can be classified into the traditional PLIF technique, variant PLIF technique, and
the colorimetric technique. These techniques have been adapted for use with a wide
variety of gas-liquid contacting conditions, including bubbly flows, flows across the
planar interface and Taylor flows/ confined flows. Their application to different flow

systems is introduced as follows.

3.1.1 Free bubbly flows

In several industrial processes (bubble column reactor, stirred tank, etc.), the gas phase
usually appears as a form of bubble swarms or isolated bubble because of their high
interfacial area for gas-liquid mass transfer (Colombet et al., 2011). The visualization
techniques provides an efficient tool to characterize this transferring process for
different type of gas: air (Bouche et al., 2013; Fedrizzi and Soria, 2014; Jimenez et al.,
2013; Moghaddas et al., 2002), oxygen (Francois et al., 2011a; Kiick et al., 2010) and
carbon dioxide (Hanyu and Saito, 2010; Stohr et al., 2009; Yamamoto et al., 2008). The

examples of the visualization result are shown in Figure 3-1.
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Bork (2000) Dani (2007) Kiick (2012)  Timmermann et al. (2016)  Dietrich and Hebrard (2018)  Kong et al. (2018)
Wolff O Water 0,-Water O, Water O, Water OuWater CO,,-Water
1990 1 - > 2019
Roy and Duke (2000,2004)  Stshr (2009) Valiorgue (2013)  Saito and Toriu (2015) Duplat et al. (2017)  Huanget al. (2017, 2018)
O2-Water CO,-Water CO,-Water CO,-Water CO,-Water CO,-Water

Figure 3-1 Development of mass transfer visualization of freely rising bubbles.
Images from the indicated authors.

A series of representative researches have been implemented which apply visualization
techniques to bubble in recent decades. (Roy and Duke, 2000) measured dissolved
oxygen concentration gradients in water near the surface of an air bubble. An expansion
of their study to the surface in surfactant-contaminated water was made in 2004. (Bork
et al., 2005) investigated the impact of local phenomena on mass transfer from single
bubbles and bubbles rising under swarm conditions with the bubble diameter and the
viscosity as variation parameters by using quenching reaction. (Dani et al., 2007)
measured oxygen concentration fields in solution in an aqueous liquid. (Stohr et al.,
2009) visualized the gas-liquid mass transfer and wake structure of rising bubbles using
acid-based LIF. The technique was applied to freely rising bubbles which perform
rectilinear, oscillatory or irregular motions. The resulting LIF image sequences reveal
the evolution of characteristic patterns in the near and far wake of the bubbles and
further allow the estimation of bubble size and rise velocity. (Kuck et al., 2010, 2012)
investigated the impact of local phenomena on mass transfer from single free-rising gas
bubbles with and without a superimposed chemical reaction using LIF and PIV.
(Jimenez et al., 2013) worked on the transferring ellipsoidal bubble and indicated the

influence of the bubble diameters and liquid composition (glycerol, salt, glucose) on
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the flux density. (Bouche et al., 2013) implemented an experimental study of the mixing
of a passive scalar of very low diffusivity in a homogeneous swarm of inertial bubbles
rising in a thin gap. The in-plane local mass of dye is measured by using a two-dye
PLIF technique that has been adapted to fix the problem of multiple light reflections at
the bubble interfaces. (Valiorgue et al., 2013) evaluated the influence of extinction
coefficient variations on COz2 concentration measurement for a test case in the wake of
a free rising bubble. (Nagami and Saito, 2013) discussed the enhancement of the
transition of the bubble motion from 2D to 3D by combining the liquid-phase motion
obtained through PIV/LIF measurement and the bubble wake motion captured through
the LIF method with dye HPTS, under both conditions in which the initial bubble
formation and the bubble motion were considered to be the same. Considering the
oxygen concentration fields appear symmetric with a 3D Gaussian profile forming a
concentric, rounded gradient of oxygen with the maximum concentrations at the center
of the spot. In the study of (Saito and Toriu, 2015a), the authors used experimental
results from highly precise measurements of bubble volume to clarify the instantaneous
mass-transfer coefficients of a zigzagging CO2 bubble. The zigzagging motion and
surface oscillation, as well as the CO2 dissolution (mass transfer) process from the
bubble to the surrounding liquid, were 3-dimensionally and simultaneously visualized,
by using two high-speed cameras and mirrors and the LIF/HPTS method. Based on the
similar configuration, (Huang and Saito, 2015, 2017b, 2017a) discussed the influences
of gas-liquid interface contamination on the bubble motions, bubble wakes, and mass
transfer process based on the reconstruction of three-dimensional bubble wakes in the
purified water and contaminated water. (Timmermann et al., 2016) investigated the
influence of bubble collisions on the local concentration field at well-defined conditions
and the influence of a superimposed sodium sulfite reaction on the concentration field
after bouncing. Using a high-speed PIV/LIF system combined with shadowgraphy, the
local and temporal evolution of the CO2 chemisorption in aqueous NaOH solution in a
cylindrical bubble column is investigated (Kovats et al., 2017) and compared with the

simulation result (Hlawitschka et al., 2017). Focus on the convective mass transfer
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contribution, (Kong et al., 2018) used fluorescein as a dye to studying the case of a
millimetric CO2 bubble which is suspended under a substrate and dissolved into pure
liquid water. Based on the reduction of the colorimetric indicator (resorufin) in presence
of oxygen, (Dietrich and Hébrard, 2018) estimated the liquid-side mass transfer
coefficient around a freely rising bubble and the result proved that the colorimetric
technique has the potential of providing new and detailed insights into the
spatiotemporal dynamics of mass transfer of rising gas bubbles. According to these
studies in the literature, the techniques by using the soluble fluorescent or colorimetric
dyes and optical equipment, are proved be efficient to visualize the local mass transfer

from the bubble in high resolution.

3.1.2 Plane interface flows

In multi-phase unit operations, such as distillation and absorption processes in packed
towers, the liquid phase often occurs as a film (0.1-1mm) on a planar surface. The
visualization techniques can be used for film thickness, velocity measurements, free-
surface temperature, as well as for concentration field measurements in liquids
(Kapoustina et al., 2015). The method can be adapted to measurements in stagnant as

well as in moving liquids on smooth and textured surfaces.

The exploratory study carried out in the last decade of the 19" century, while (Wolff
and Hanratty, 1994) implemented the method based on the oxygen quenching to
measure the 1D concentration profiles of oxygen in a stratified air-water flow with
smooth and wavy interfaces. The oxygen quenching method was then expended to 2D
measurement by (Duke and Hanratty, 1995) who studied the oxygen absorption at a
wavy air-water interface. In succession, (Lee, 2002) and (Schladow et al., 2002) applied
the 2D LIF technique in a deep water tank (0.6 m) to quantify the oxygen transfer driven
by natural convection. The 2D spatial variations of oxygen concentration were

measured instantaneously in water body. The work of (Woodrow and Duke, 2001),
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which provided technical guidance for the following research, applied PLIF-1 technique
to the study of oxygen transfer across an unsheared flat and wave air-water interface,
with employing a two-dimensional adaptive filter and a near-interface correction for
optical blurring. Its optical set-up and image processing technique was adopted by
(Herlina and Jirka, 2004), in whose work the interaction between oxygen absorption
into liquids and bottom shear-induced turbulence was investigated in a grid-stirred tank.
The LIF technique enabled visualization as well as quantification of planar

concentration fields of the dissolved oxygen near the air-water interface.

Previous LIF investigations have been limited to reporting dissolved oxygen
concentration profiles to within 200 um of the air-water interface, restricting reliable
results to relatively low gas flux experiments. By careful consideration of optical
distortions and the design of the UV laser sheet, (Walker and Peirson, 2008) achieved
reliable measurements of the dissolved oxygen profile to within 28 um of the surface
in wind-wave tank. An application of PLIF-I to a flat air-liquid interface in Hele-Shaw
cell (5%5*0.2cm®) was performed by (Jimenez et al., 2012b, 2012a) with a new
configuration of the high-resolution optical systems. More recently, a study is carried
out by (Kapoustina et al., 2015), in which the impact of a single pyramidal
microstructure on mass transfer into the film flow is examined. By comparing the
results to liquid film flow over a smooth surface, the enhancement of oxygen transport
into liquid film flows by placing microstructures onto a plane surface was clearly
visualized. (Kim et al., 2016) visualized gas diffusion process between the gas-liquid
interface and measure a diffusion coefficient of dissolved oxygen in water by using a
microscale UV-LED-induced phosphorescence method. The mass transfer between air
and water was visualized qualitatively in a Y-shaped microchannel and the diffusion
coefficient was measured quantitatively. In the study of (Lacassagne et al., 2017), the
mass transfer was characterized and used to acquire simultaneous measurements of
velocity and dissolved CO2 concentration in thin sub-layer under at a flat air-water

interface. A complex combination of injection and renewal events was observed on the
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instantaneous concentration fields.

3.1.3 Taylor flows and confined flows

Taylor flows were widely studied due to its performances in terms of both heat and
mass transfer, its regularity, stability, and operability in a large operating domain.
(Dietrich et al., 2013) first proposed the colorimetric technique (with resorufin) to
investigate mass-transfer in Taylor flow. A conversion from grey value maps to
equivalent oxygen concentrations and mass transfer model was established, presenting
the local characterization of gas-liquid mass transfer. In addition, (Yang et al., 2017a)
considered the possibility of enhancement of gas-liquid mass transfer by this oxygen
colorimetric reaction. With the determination of kinetics constant and diffusion
coefficients by colorimetric methods, Hatta number and enhancement factor were
deduced, and there is no enhancement of the gas-liquid mass transfer by this extremely
fast oxygen reaction. As for the non-invasive and instantaneous advantages, (Yang et
al., 2016) further investigated the mass transfer contribution of bubble formation stage
to the overall process. The liquid side mass transfer coefficients at the moment right-
after pinch-off stage and 14 times away from bubble inlet are obtained and compared,
which demonstrates that the contribution of bubble formation stage to overall mass
transfer is reasonably large. Furthermore, Yang et al. (Yang et al., 2017b) studied the
mass transfer intensification in square meandering channel, illustrated in Figure 3-2.
(Kovats et al., 2018) compared methylene blue and resazurin systems used in a
helically-coiled tube, which shows better performance in resazurin system due to the

larger difference of time constants in terms of oxidation and reduction process.
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Figure 3-2. Gas-liquid mass transfer around Taylor bubbles flowing in a
meandering millimetric square channel. Reproduced from (Yang et al., 2017b)

Flow
direction

(Krieger et al., 2017) utilized leuco-indigo carmine to visualize local mass transfer and
concentration distributions. Because of the existing of the anionic radical intermediate
state, chemical selectivity was also investigated. Overlap of three different indigo
carmine colors may result in multiple colors, shown in Figure 3-3. Therefore, the
isolation of each indigo carmine in the calibration procedure is achieved by imaging

processing technique and UV/Vis spectrometer methods.

Figure 3-3. Oxidation of leuco-indigo carmine in an FEP tube with 1.6 mm inner
diameter. Reproduced from (Krieger et al., 2017)

In more complicated system of the combined mass transfer process and chemical
reaction, (Kastens et al., 2017) reported oxygen concentration fields and wake
structures around a Taylor bubble and compared the obtained wake structures with that

using PIV-LIF technique. (Butler et al., 2016, 2018) first investigated the mass transfer
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of a Taylor oxygen bubble by means of PLIF-I technique and deduced the oxygen
concentration based on Stern-Volmer relations by the ruthenium fluorescence
intensities. By using two groups of PLIF-I images, namely Oz and N: as the gas phase,
they successfully corrected the scattered light by gas phase in Oz images through N2
images as references. They have separated mass transfer coefficients between film to
bubble, film to slug and bubble cap to slug, which widens to short slugs with the

contribution of liquid films.

In confined 2D Hele-Shaw cells, bubbles were largely flattened by narrow gaps and
confined to move only in two degrees of freedom. Unlike the adopted method of Butler,
(Bouche et al., 2013) using two fluorescent dyes (i.e., Fluorescein Sodium and
Rhodamine WT) to remove the light reflections caused by the gas interface. (Alméras
et al., 2016) further analyzed the fluctuations of concentration. (Roudet et al., 2017)
estimated the total mass transfer rate using Sherwood number and Péclet number and
compared the mass transfer rate in the films with total mass transfer. (Felis et al., 2018)
investigated the oxygen mass transfer and local oxygen concentration around a rising
bubble and compared the equivalent oxygen concentration obtained by resazurin with

that by Cu/O2 complexes.

3.2 Experiment under controlled conditions

In order to compare the visualization techniques, three sets of experiments are
conducted to characterize the local mass transfer and the diffusion around a single air
bubble rising in water by using PLIF (with fluorescent resorufin)), PLIF-1 (with
ruthenium complex), and colorimetric techniques (with pink resorufin), respectively.
As presented in Chapter 2, the experimental setup for three techniques is basically the

same except that the colorimetric technique does not need the laser.
All the experiments are carried out under the controlled conditions, i.e. with the same
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needle (~0.7 mm of inner diameter) and same flow rate (2 um-h*) for bubble injection,
at 293.15K of temperature and under atmospheric pressure. The injected bubbles have
good reproducibility with the bubble size (~ 1 mm), shape (ellipsoidal) and trajectory
(linear) that we can assume that each of the single bubbles examined is identical. The
details of the materials and property of the bubbles in the experiments are given in Table

3-1.

It should be noticed that the presence of the dye brings a small impact on the fluid
property. Especially for cases with resazurin, the extra chemical (NaOH and Glucose)
will increase a bit the viscosity of the liquid compared with the measured result in pure

water (see Chapter 2)

Table 3-1 Materials and property of the bubble for comparison of three

techniques
PLIF-I PLIF Colorimetric
Liquid-Gas Deionized water + Air bubble
Ruthenium )
Dye Complex (+ NaoRHe;T)Z;/rll_n+leO(|)u::noi/: 20 g/L)
75 mg/L
o [MN-m?] 72 75
p [kg-m3] 1000 1004
u [mPa:s] 1.003 1.100
Diameter of bubble 1.25 +0.04 mm
Ratio aspect of bubble 1.13+0.02
Velocity of bubble 295 + 10 mm/s
Re 368 + 20
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3.3 Visualization result

With the experimental configuration displayed in Chapter 2, the mass transfer in the

wake of the bubble can be visualized from two directions: side view and bottom view

(see Figure 3-4).

Side view

Figure 3-4 Recorded images of side view and bottom view

3.3.1 Image of side view

The images recorded by different visualization techniques from the side view are shown

in Figure 3-5.
PLIF-1 shadow Colorimetric technique
Bubble |
8 Bubble
- L
N I -
Surfocs—z Transferred Transferred
reflection oxygen S oxygen \Transferred
reflection Xy en
— Bubble — Bubble
Wake wake Bubble
1 mm L Wak
Ly S

Figure 3-5 Recorded images by different visualization techniques (Side view)
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On the image by PLIF-1 and the colorimetric technique, the mass transfer zone is dark
in a bright background which is contrary to the images by PLIF. Some observation can

be obtained:

(1) For the side view, the images by the laser techniques (either PLIF or PLIF-I)

suffer the reflection problem around the bubble surface.

(2) A white ring around the bubble interface is visualized as well as the bubble
shadow on the PLIF-I image. That makes the boundary of the bubble difficult to
recognize. Moreover, the reflection also has an impact on the mass transfer area near
the bubble surface, especially for the part facing the laser (left part on the image). Along

the laser direction, the effect is reducing but still cannot be neglected.

(3) For the PLIF image, the fluorescence effect is quite strong that the light around
the bubble surface is relatively weaker than that in the bubble wake. The reflection
exists at the transfer interface making the recorded gray level in this area much higher

than the real value induce.

(4) On the other hand, the local mass transfer by the colorimetric technique is quite
clear without the reflection issue. This property makes the colorimetric suitable for

tracking the mass transfer even near the gas-liquid interface.

(5) Far from the bubble surface, all of the three methods can visualize the mass

transfer properly.

Due to the reflection problem of the laser techniques, there is a lack of information near
the bubble surface thus it is difficult to precisely quantify the mass transfer with images
of the side view. On the contrary, without the reflection problem, the colorimetric
technique can be used to calculate the mass transfer coefficient (Dietrich and Hébrard,

2018).
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3.3.2 Image of bottom view

PLIF-I1 Colorimetric
0.5 mm 0.5 mm
— | S—

Figure 3-6 Recorded images by different visualization techniques (bottom view)

To avoid the reflection around the bubble caused by the laser flash, the camera is put
under the column to record the mass transfer in one cross-section of the bubble wake
far from the passed bubble. From the bottom view, there is a good contrast between the
mass transfer 'spot’ and the background. The transferred mass (dissolved oxygen)
concentrates at the spot center and becomes dispersed near the boundary of the spot.
Among the three images, the quality of the one by PLIF seems better with the clear
background (totally black) due to the aforementioned different indicated color of the
mass transfer (white). The mass transfer can be quantified with the images of bottom

view for all the three techniques.

3.4 Quantification of mass transfer

3.4.1 Calibration result

The relationship between the real oxygen concentration and the recorded gray level on
the images are established by the calibration process (see Chapter 2). The examples of
the calibration results for the three techniques are shown in Figure 3-7. It can be seen
that all of the three curves represent monotonic functions leading to a reasonable

calculation of the oxygen concentration. Among the three curves, the one for PLIF is
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linear that the gray level increases with higher oxygen concentration. For the other two
curves (PLIF-I1 and colorimetric technique), the gray levels go downward sharply
showing that the dye is sensitive for lower oxygen concentration ([O2] <4 mg-L™?) but
when the oxygen concentration gets higher, the variation of the gray level is relatively
small. In most of our study, the oxygen concentration in the bubble wake is small within

a reasonable calibration range.

PLIF-I PLIF Colorimetric
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Figure 3-7 Examples of calibration result for three visualization techniques
(PLIF-I, PLIF, and colorimetric technique).

Regarding the sensitivity of calibration, when dissolved oxygen concentration varies
from 0 mg to 8 mg-L™?, the change of grey level for the three techniques (PLIF-I, PLIF,
Colorimetric technique) are 2000, 4000 and 2500 levels. Under our investigated
configuration, the resorufin is more sensitive to the oxygen concentration when used as
a fluorescent dye than when used as a colorimetric dye and also better than cases by the
ruthenium complex. This property leads to better contrast between the mass transfer

and the background which discussed in following sections.

In addition, the calibration curve of the colorimetric technique is not linear which is
different from the result carried out in the microchannel (Yang et al., 2016). That is
because while the camera takes images from the bottom of the column, the thickness of
the image area is no longer negligible. The calibration in our case is actually
implemented for a volume instead of a thin plan, thus the Beer—Lambert absorption will

decrease the gray level especially for the solution with high concentration of the dye.
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With the calibration curve, the gray level is converted to the oxygen concentration, and
the concentration field of the dissolved oxygen in the bubble wake is plotted in Figure
3-8. It can be seen that the noise of the background on the PLIF image is less significant
compared with the other two images, which is consistent with the result from the side
view in Figure 3-6. The noise of the background on PLIF-I image is relatively
significant that it needs a large threshold (defined in Chapter 2) for PLIF-I to eliminate

the noise impact from the background.

PLIF-I PLIF Colorimetric
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Figure 3-8 Examples of concentration field of the dissolved oxygen in bubble wake
at the same moment (bottom view).

Different from the result by PLIF and PLIF-1 technique, the background concentration
is much higher than zero for the result by the colorimetric technique. It should be
noticed that the gray level (mass transfer) recorded on the images by these three
techniques are not exactly the same (see Figure 3-9). Since only a slice plane is
lightened by the laser sheet, the results by PLIF and PLIF-I display exactly the mass
transfer in the concerning cross-section. For colorimetric technique, the whole column
is illuminated by the backlight thus the camera not only records the information in the
focal plane but also the front and the rear ones due to the depth of field of the camera.
Its results refer to the superposition of the mass transfer in a series of continuous cross

sections. It thus probably brings the deviation to the mass transfer estimation.
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PLIF / PLIF-1

Colorimetric

Figure 3-9 Image composition of mass transfer in bubble wake

3.4.2 Mass flux

After the image processing, the background noise is removed and the image quality is
improved. The corrected images of the oxygen field then are fitted with the 2D

Gaussian equation (See Section 2.5.2.4). The results are shown in Figure 3-10.

PLIF-1 PLIF Colorimetric

[02] (mg/L)

Figure 3-10 Corrected images (top) and fitted images (bottom) of the
concentration field of the dissolved oxygen in bubble wake.
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The fitting errors for all the three techniques are within 5% validating the fitting
Gaussian equation. By summing the oxygen concentration in each pixel of the image
area (Section 2.5.4), the fluxes before and after the fitting are given in Table 3-2. The

PLIF technique has the best fitting result regarding its good quality of the raw images.

Table 3-2 Result of fluxes before and after fitting for the three techniques

Flux before fitting  Flux after fitting Fitting error

[mg-s*-m?] [mg-s*-m?] [%]

PLIF-I 3.53+0.10 3.70 <5%
PLIF 3.43+£0.03 3.45 <1%
colorimetric 3.35+0.08 3.45 <3%

The oxygen concentration field in the bubble wake is obtained for each recording
moment (every 1/15 second), the temporal evolution of the mass flux can be obtained.
The result is shown in Figure 3-11. As introduced in Chapter 2, for a small bubble with
linear trajectory, the mass transfer in the bubble wake far from the passed bubble is
dominated by diffusion since the vertical convection induced by the bubble can be
neglected. The mass transfer executes a two-dimensional diffusion that means the total

flux on the image should be conservative as a function of time.

It can be seen that after the variation for the first several images due to the convection
of the bubble, the fluxes measured by the three techniques tend to be constant versus
time. For PLIF and colorimetric cases, the fluxes are basically stable but the total flux
is a bit smaller than the one by PLIF-1. This flux decrease may be related to the presence
of the extra chemicals (NaOH and Glucose) which brings the impact on the liquid

properties (Table 3-1).
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PLIF-1 PLIF Colorimetric
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Figure 3-11 Mass flux versus time measured by different techniques (PLIF-I,
PLIF, Colorimetric).

3.4.3 Diffusion coefficient

If we plot the fitted oxygen concentration along a line passing the spot center, we can
see the distribution of the oxygen centration has a Gaussian profile. Based on this
temporal evaluation of the oxygen profile in the bubble wake, we can characterize the
diffusion process (see Figure 3-12). It can be seen that the dissolved oxygen is
concentrated on the spot center then is diffusing gradually to the surrounding to make

the concentration on the area more homogeneous.
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Figure 3-12 Temporal evolution of the O2 concentration field at the cross section
of bubble wake (left to right: result by PLIF-I, result by PLIF, result by
colorimetric, respectively. At=0.67s)
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With the method introduced in Chapter 2, the area of the mass transfer spot expands as

a function of time with a rate related to the diffusion coefficient (n = 1):
Sspot = TR* = 21Dt (3-1)

The evolution of the spot area for the three techniques is plotted in Figure 3-13. For all
the three techniques, the curves of Sg,,, have a good linearity versus time so the

diffusion coefficient can be calculated with the slope of the curve.
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Figure 3-13 Evolution of the spot area as a function of time

Table 3-3 Result of the diffusion coefficient for the three techniques

Slope of S0 — ¢ r? [x10- 9[:n 2.1]
PLIF-I 1.24 99% 1.97
PLIF 0.17 99% 0.27
colorimetric 0.76 98% 1.20

The diffusion coefficient for PLIF-1, PLIF and colorimetric are 2x10° m2.s%, 0.27x10°
®m?.s1, and 1.20 x10° m?-s%, respectively. In view of the aforementioned technical
problem, the PLIF with resazurin and colorimetric technique have distortion on
diffusion coefficient estimation. The reason is that these two techniques are based on

the tracking of a different molecule (resorufin) and not oxygen. The mathematical
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approach is based on the conservative flux (see Section 2) which may also bring the
error for the result by PLIF with resazurin and colorimetric technique. In contrast, the
result by PLIF-1 is consistent with the literature (Kick et al., 2010), proving more

accurate for the quantification of the diffusion.

3.4.4 Mass transfer coefficient

With the fluxes obtained from the images (Section 3.4.3), the mass transfer coefficient
can be estimated by dividing the driving force from the flux J,,. In our cases, the
saturated concentration [0,]* is closed to 9 mg-L™. For PLIF-I technique, the bulk
concentration [0,], is 0.2 mg-L™ measured after the deoxygenation of the liquid. For
the technique with resazurin (PLIF and colorimetric technique), the oxygen is totally

consumed or reacted before the experiment, so the [0,], is supposed to be 0 mg-L™.

— ]02 _
L [02]*~[02]o (3-2)

The result of the mass transfer coefficients are given in Table 3-4. Regarding the
underestimated flux, the value determined by PLIF and colorimetric technique with
resazurin is a bit smaller than that of by PLIF-I. Despite this, all the values are consistent
with the literature (Roustan, 2003) indicating all these three techniques can be used for

quantifying the mass transfer.

Table 3-4 Result of mass transfer coefficient by the three techniques

k,
[x10 “4m-s?]
PLIF-I 4.01 £0.010
PLIF 3.81 £ 0.005
Colorimetric 3.61 £ 0.008
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3.5 Summary of advantage and limitation

The advantage and limitation of each technique are summarized in the following table.
All three techniques can be used for tracking the mass transfer to some extent. When
resorufin (from resazurin) used as a pink dye, the colorimetric technique can even
visualize the mass transfer near the bubble surface. When it is used as a fluorescent dye,
the image by PLIF technique have good contrast between the mass transfer area and
pure black background. This property makes the resorufin useful for the visualization
of the mass transfer in a more complex structure that is induced by bigger bubbles

(Figure 3-14).

Figure 3-14 Visualisation result with resorufin as a dye for bigger bubble (D,,~3

mm). Left: image by PLIF; Right: image by colorimetric technique.

For the quantification of the mass transfer, PLIF-1 technique can give a reasonable result
for diffusion coefficient and mass transfer coefficient while the other two technique
with resazurin cannot correctly characterize the diffusion process due to the reaction
mechanism. Another limitation for the PLIF and colorimetric technique is that the
oxygen indicator resazurin should be used together with extra chemical (NaOH and
glucose) which will bring impact on the investigated fluid. Except in the water case,

the impact is still not clear in other liquid media. For the above reason, the PLIF-I
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technique is selected for the following study to characterize the mass transfer in

polymer solutions (Chapter 5).

Table 3-5 Advantage and limitation of three techniques (PLIF-1, PLIF,
colorimetric technique)

Advantage ] and limitation

VI Track mass transfer in the wake far from the surface
VI Accurate quantification of flow flux

VI Characterize the diffusion

PLIF-I
Reflection at the bubble surface
Significant noise in the background

Shadow of the bubble

VI Track mass transfer in the wake far from the surface
VI Less noise in the background

PLIF Cannot characterize the diffusion of oxygen
Reflection at the bubble surface

Extra chemical

VI Track mass transfer even near the bubble

VI No reflection near the bubble
Colorimetric
Cannot characterize the diffusion of oxygen
technique
Complex composition of the recorded image

Extra chemical

3.6 Conclusion

Three different visualization techniques PLIF-I (with ruthenium complex), (PLIF (with
fluorescent resorufin), and colorimetric techniques (with pink resorufin)) are compared

focusing on their application to characterize the mass transfer around a single bubble
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rising in water. The PLIF and colorimetric technique with resazurin are both effective
for tracking the local mass transfer. However, under our investigated condition, there is
a small distortion to quantify the oxygen transferred fluxes by these two techniques due
to the presence of the extra chemicals (NaOH and Glucose). Moreover, they cannot be
used to quantify oxygen diffusive process as oxygen is consumed. Actually, these two
techniques are based on the tracking of a different molecule (resorufin) instead of the
oxygen molecule. Concerning the colorimetric technique, it is also less precise due to
that its image contains the mass transfer not only on the target cross-section but also on
the lower and the upper ones. Regardless of the relatively rigorous treatment to remove
the noise in the image background, PLIF-1 is more accurate for the quantification of the
diffusion coefficient and mass transfer coefficient. For the above reason, the PLIF-I
technique is selected for the following study to characterize the mass transfer in
polymer solutions. This chapter provides a guideline for choosing a visualization
technique to accurately visualize and characterize the local mass transfer in gas-liquid

systems for measuring a flux or a diffusion coefficient.
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Chapter 4

Hydrodynamics of the Bubble:
Characterization of bubble shapes by

parametric equations

Abstract

The bubble-liquid mass transfer is closely related to the bubble rising velocity and the
bubble shape which affects the interfacial area for the mass transfer. An investigation
on the bubble hydrodynamics is thus important. In this chapter, based on the experiment
of single air bubbles (with equivalent diameters: 0.7-7 mm) rising in the polymer
solutions (PAAm and Xanthan), the hydrodynamics of the bubble are investigated
including the bubble velocity, trajectory and bubble shape. The discussion will focus
on the bubble shape. An innovative model containing the aspect ratio (E) and two
parameters (a, f) is proposed and proved to be capable of characterizing the bubble
shape from spherical/ellipsoidal to prolate/oblate-tear with good accuracy. Several
impacts on bubble deformation are then investigated involving the rheological
properties of the fluids and different forces exerted on the bubble which is quantified
by multiple dimensionless numbers (e.g. Reynolds number, E6tvés Number, Deborah
number). Within a wide range (-9<log Mo<3, Mo: Morton number), the empirical
correlations are obtained for the aspect ratio and the bubble shape parameters. Together
with the shape model, a complete system is set up for bubble shape characterization

and prediction that will provide new ideas for future studies on bubble hydrodynamics.
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4.1 State of the art

4.1.1 Bubble shape

Gas bubbles rising in acquiescent liquids are widespread in industries such as oil
extraction, wastewater treatment, and bioreactors. For these applications, the
knowledge of bubble shape is important since it is directly related to hydrodynamic
behavior (e.g. terminal velocity, drag, surface area) and can influence the mixing level

and the efficiency of energy, mass, and momentum transfer.

The observed shapes of individual bubbles in free motion in Newtonian fluids have
been well investigated and can be divided mainly into three categories: spherical,
ellipsoidal, and spherical-cap or ellipsoidal-cap (Chhabra, 2006). In the absence of wall
effects, it is generally agreed that the shape of a freely rising bubble in a stagnant liquid
are dominated by buoyancy, inertial force, surface tension, viscous force and the
physical properties of the continuous phase (Clift et al., 1978), which are governed by
the magnitudes of the dimensionless numbers (listed in Table 4-1). The dimensionless
numbers in Table 4-1 are defined in a simplified form assuming that the mass density
of the liquid is far greater than that of gas in a bubble-liquid system. In fluid mechanics,
Re gives a measure of the ratio of inertial forces to viscous forces and consequently
quantifies the relative importance of these two types of forces for given flow conditions.
On the other hand, We is often useful in analyzing fluid flows where there is an interface
between two different fluids, especially for multiphase flows such as bubble rise in
liquids. It can be thought of as a measure of the relative importance of the fluid's inertia
compared to its surface tension. The quantity is useful in analyzing the formation of
droplets and bubbles. The Morton number Mo, is also used together with the E6tvos
number (Eo) to characterize the shape of bubbles or drops moving in a surrounding

fluid or continuous phase.

Table 4-1 Dimensionless numbers for bubble shape characterization

117



Chapter 4 Hydrodynamics of the bubble

2 Buoyanc
Eotvos Number Eo = % 4 y,
o Surface tension
UD Inerti
Reynolds Number Re =P "ca _nertia
u Viscous Force
2 Inertia
Weber Number We = M .
o Surface tension
_gu' . .
Morton Number Mo ==— Fluid properties
po
Tadaki Number Ta = Re.M0°23 /

(Grace et al., 1976) have proposed a generalized graphical correlation or the so-called
“Grace diagram” (see Figure 4-1) that delineates the shapes of bubbles in Newtonian
fluids, which provides a guideline for the further studies on the bubble shape (Anwar,

2013; Hua et al., 2008; Yu et al., 2011).
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Figure 4-1 Grace Diagram: Shape regimes for bubbles and drops in unhindered
gravitational motion through liquids. Image from (Clift et al., 1978).

On the other hand, although numerous studies deal with bubbles rising in non-
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Newtonian media, only a few of them have discussed and analyzed the bubble shape.
(Bohm et al., 2014; Frank et al., 2003, 2012; Hassan et al., 2007, 2010; Zhang et al.,
2010). It is generally agreed that non-Newtonian fluids have complex rheological
properties (e.g. shear thinning, viscoelasticity, etc.) leading to a variety of bubble shapes,
such as teardrop or elongate bubbles (Dekée and Chhabra, 1988; Dekée et al., 1986;
Funfschilling and Li, 2006).

To quantitatively characterize the bubble shape, many researchers used the aspect ratio
or eccentricity i.e. the ratio between the lengths of the major and minor axes of the
bubbles. Some related research and correlations found in the last decade are listed in
Table 4-2. Pioneering work by (Moore, 1959) and (Tadaki and Maeda, 1961)
theoretically correlated the aspect ratio of the bubble with the Weber number and
original Tadaki number (Ta = Re.Mo0%23), respectively. Their correlation were
modified and improved for small inertial effects (Taylor and Acrivos, 1964) and became
applicable to clean and contaminated bubbles (Fan and Tsuchiya, 1990; Vakhrushev
and Efremov, 1970; Wellek et al., 1966) for a large range of Morton numbers (Raymond
and Rosant, 2000). More recently, many researchers have begun to realize that, for
fluids with high viscosity, no single dimensionless number (Eo, We, or Ta number) is
suitable to predict the bubble deformation. Therefore, more dimensionless numbers
have been used and many empirical models have been built to fit the results of the new
experiments or numerical simulations (Kelbaliyev and Ceylan, 2007; Legendre et al.,
2012; Raymond and Rosant, 2000; Sugihara et al., 2007). For instance, (Liu etal., 2015)
suggested that, in highly viscous fluids, the bubble shape is dramatically affected by
the viscosity and the effects of We number should be considered along with Re number.
However, the aspect ratio suffers from the shortcoming of being unable to characterize
the details of shape or irregular forms (e.g. a cap bubble and an ellipsoidal bubble would
have the same aspect ratio). A few researchers have tried to use other parameters to
characterize the bubble deformation. (Myint et al., 2007) introduced a distortion factor
to quantify the asymmetry between the upper and lower parts of the bubble divided by
the major axis. Another study, by Yan and Zhao (Yan and Zhao, 2016), used the bubble
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circularity, defined as the ratio of the circumference of an equivalent circle to that of
the real bubble projection. Although some valuable conclusions have been drawn from
the previous work, most of the expressions mentioned above could only handle quasi-
ellipsoidal bubbles. For a bubble with a more complicated contour (e.g. cap, teardrop),
it is clear that neither the ratio aspect nor the circularity can properly capture or predict

the bubble shape.

Table 4-2. Bibliography of bubble shape characterization

AUTHOR LIQUID SHAPE CORRELATION
Sodium
hloride/ Spherical ! fa<?
chloride pherica 1 -0.176
(Tadaki and o E3 = 1.14T0L_0 ’e 2<Ta<é6
glycerol Ellipsoidal 1.36Ta™*" 6<Ta <165
Maeda, 1961) 0.62 16.5 < Ta
aqueous Cap Ta = Re.Mo®23
solution
(Sugihara et W Spherical 9 0.04We?
ater E=1+—We+——"—=
al., 2007) Ellipsoidal 64 (3.7 —We)°s
£ 1
"~ 1—0.0487Ta — 0.0289Ta?
) Glycerol Spherical y = 0.957 + 0.008E0 + 0.002E0?
(Myint et al., Ellinsoidal 2b
2007) aqueous ipsoida r=r zb Ta = Re. Mo®23
solution Cap 1102

by, b, : distances from the major axis to the

bottom and the top of the shape, respectively

1+ /12—”We
(Kelbaliyev Glycerol E=—%2—r
Spherical 1-2A,We
and Ceylan, aqueous o
. Ellipsoidal 1 3 We
2007) solution Ay = E(l - ﬁﬁ)
1.1xX10°°<Mo <7
lonic liquids
(Dong et al., _ o
2010) (Newtonian Ellipsoidal E =14 0.0184 x (Re.E0)%67!
fluids)
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Spherical
o E = 0.9585 + 0.0357Wn0-8958
) Ellipsoidal
(Li, 2011) CMC
Prolate
Wn =We.Eo.n
Cap
Glycerol Spherical _ 1
(Legendre et Elliosoidal E= 1 9 [ We N
agueous ipsoida AN
al., 2012) - 64'1 4+ 0.2Mo%We
solution Cap 46% 107 < Mo <7
. Glycerol Spherical
(Liu et al., L E =0.9914 + 0.1147 x Re%3841
aqueous Ellipsoidal
2015) ) ) x We5678
solution Skirted
C = 4nS/P?
Glycerol Spherical
(YYan and Zhao, o Ve
2016 aqueous Ellipsoidal 1
) solution Cap 09943 + 0.0007 X Re®6626 x [}/01197
1 < Re < 3041, 0.0002 < We < 8.6
Glycerol )
(Aoyamaet al., Spherical E =[1+0.016 X Eo'1? x Re]%388
aqueous o
2016) ] Ellipsoidal 0.0032 < Re < 130, 0.042 < We < 29
solution

Therefore, in this chapter, a new model using the parametric equations is proposed to

directly depict the complete outline or profile of the bubble. Experiments will be

implemented to study individual air bubbles of different sizes (Deq: 0.7-7 mm) rising in

stagnant non-Newtonian fluids (aqueous solution of PAAm or Xanthan gum) by means

of high-speed photography and image post-processing technologies. The objective

mainly aims to investigate the overall impact (including the different dimensionless

numbers and the rheological properties of the fluid) on the bubble shape.

4.1.2 Bubble velocity and drag coefficient

The velocity of the bubble rising in a fluid is one of the most fundamental and important

issues in multiphase flow problems. The bubble velocity not only affects the residence

time of the bubble in the liquid phase but also affects the interaction between the
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bubbles and the turbulence characteristics of the liquid phase around the bubble,

thereby affecting the transfer process between phases and the performance of the device.
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Figure 4-2 Bubble terminal velocity in clean water (293.15 K) and contaminated
water as a function of the bubble equivalent diameter. Image reproduced by
(Guet and Ooms, 2006) from the (Clift et al., 1978).

Experimental results on the rise velocity of single bubbles in an infinite medium of
water have been collected from various experimental studies in (Clift et al., 1978)
(Figure 4-2). Because gravity is the dominant force for large bubbles, the bubble
terminal velocity increases with the equivalent diameter of the bubble. The terminal
velocities in clean and contaminated liquids are different for a given equivalent bubble
diameter. This is due to the changes in bubble shape with the contamination level, which
in turn affects the equivalent drag-force coefficient (Guet and Ooms, 2006; Tomiyama

et al., 2002).

The drag coefficient is a dimensionless number that quantifies the drag or resistance of
an object in a fluid environment and can be used to indirectly indicate the velocity of

the bubble. The drag coefficient is defined as:
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— 2Fg
pL'UZSref

(4-1)

D

Where

= F, is the drag force, which is by definition the force component in the
direction of the flow velocity [N];

= p, isthe density of the fluid [kg-m~];
= U is the flow speed of the object relative to the fluid [m-s™]

* S, Is the reference area [m?]; For a bubble Sres €quals to the projection
area of a cross section perpendicular to the bubble moving direction.

When the bubble rises freely in the liquid and reaches a steady state, the buoyancy and

drag force on the bubble should be equal. According to the force balance:

(o, —pg)g V= iCD “PL UZSref (4-2)
With V the volume of the bubble and p; the density of the gas. Supposing p; > p¢,
the drag coefficient has a form as:

17T'.9'Deq3
Cp =300~
3 U2Spef

(4-3)

In particular, for a spherical bubble of diameter D, Syef = %n . Deq2 and the drag

coefficient equals:

4 'De
Co = 375" (4-4)

Simultaneously, the bubble reaches its terminal velocity:

— /i& ;
U= |3 e (4-5)

Hence, the terminal bubble velocity is an increasing function of the bubble diameter

and decreases with the increase of the bubble drag coefficient.

The early expression of the drag coefficient is mainly derived by theoretical derivation.
Hadamard and Rybczynski deduced the drag coefficient for creeping flow (or Stokes

flow, Re « 1) (Hadamard, 1911). Because the Reynolds number is low, they ignore
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the inertial force and obtains the expression of the drag coefficient on the Reynolds

number:

8 2+3i—~‘i
CD :E<1+‘u_g> (4'6)
u
If the gas viscosity p; is much higher than u,, the equation can be simplified to:

__ 16
Re

D (4-7)

Based on Hadamard’s model, (Mei et al., 1994) proposed a drag coefficient correlation

with a wider range of Reynolds numbers (1 < Re < 200).

Cr=22(1+ s) 49

" Re 8+0.5(Re+3.315Re0-5)

Many following researchers have used theoretical derivation or semi-empirical
correlation to obtain many dimensionless calculations for drag coefficients (Kelbaliyev
and Ceylan, 2007; Li et al., 2012; Rodrigue, 2001, 2002, 2004; Sun et al., 2015; Yan et

al., 2017; Zhang et al., 2008). Some of these correlations are summarized in Table 4-3.

Table 4-3 Summary of correlations on the drag coefficient of the gas bubble
moving in a quiescent liquid.

. Validated Studied
Author Correlation .
range solutions

(Hadamard, 16 . .

Cp~— Re k1 Newtonian fluids
1911) Re
Mei et al., 1994 =28 Re Newtonian fluid
(Meietal., 1994) D= E( T B 05(Re + 3.315Re°-5)) 1<Re<200 ewtonian fluids

(Dewsbury et al.,
1999)

16 0.413
Cp = o (1+0.173Re*) +

1+ 16300Re~10?

107' < Re < 103

CMC

(Margaritis et al.,
1999)

16 0.413
Cp = o (1+0.173Re*) +

Cp =095

1+ 16300Re~10?

Re < 60
Re > 60

Various
polysaccharidesin
solution
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. 16 3 . , | Various viscous
(Rodrigue, 2001) Cp =—[1+ 0.018(= CpRe?)®/°Mo*/°]3/* 1072 < Re < 10 )
Re 4 fluids
€y = [1+ ! ] 0.1 <Re < 0.5
. D= 5o - . e . . )
(Kelbaliyev and Re™ ~1-0.5(1+250Re%)™? Various viscous
Ceylan, 2007 16 Re 1/ .8 Re**Mo'/? fluids
Cp = [1 + ( )12] R 0.5
D~ po 1385 3 e>0.
Re 1.385 324(1 + MD%) + Re*/3Mol/?
(Zhang et al., 16 CMC, PAAS,
Cp = — (1 + 0.12Re%%) 107! < Re < 103
2008) Re XG, HEC
. 16
(Lietal., 2012) Co=p (14 0.43Re®**)(1 + 3.868n°7528(1 — E))06810 107 < Re < 10? CMC
24
Cp = 1.12 X = (1 + 0.173Re*7%) Re <10
24
(Sun et al., 2015) Cp = 0813 x = (1+ 24Re~1125) 10 < Re < 100 XG
24
Cp =107 X prze (~1 + 0.037Re?825) Re > 100

For non-Newtonian fluids, some researchers have proposed that the apparent viscosity
of the fluid replaces the viscosity term in the dimensionless number, so that the bubble
drag coefficient correlation for Newtonian fluids is equally applicable to non-
Newtonian fluids (Dewsbury et al.,, 1999; Zhang et al., 2008). Nevertheless,
(Dziubinski et al., 2003) experimentally studied the bubble velocity in non-Newtonian
fluids, and comment that using such a generalized Reynolds number resulting from the
power-law model of the liquid cannot obtain high accuracy of correlation of the drag
coefficient. It is believed that this may be related to the complex rheological properties
of non-Newtonian fluids and the deformation of bubbles. To this end, several
researchers have directly studied the drag effect by directly taking into account the
parameters that characterize the rheological properties of non-Newtonian fluids, like
flow index n in the power-law model and the relaxation time constant ¢, in the

Carreau model (Chhabra, 2010; Rodrigue, 2004).

Another special property for the bubble velocity in Non-Newtonian fluid is that, when

the free rise velocity of a bubble is measured as a function of its size, a discontinuity
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could be observed in terminal velocity at a critical bubble size (see Figure 4-3). (Wild
et al. 2003) cited this phenomenon as an example of the complex behavior of bubbles,
and (Chhabra, 2006) described the discontinuity as one of the most striking effects
associated with bubble motion in non-Newtonian fluids. More recently, (Zenit and Feng,
2018) explain this velocity jump as a result of the increase of the extension and shear

rates around the bubble.
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Figure 4-3 Bubble velocity as a function of bubble volume. The fluid is a
viscoelastic, shear-thinning polymer solution. The different symbols show
experiments recorded at different heights. Image from (Pilz and Brenn 2007)

Nevertheless, there are conflicting reports in the literature on the existence of a
discontinuity in the free rise velocity of small bubbles in non-Newtonian fluids. While
a number of investigators have observed a discontinuity (Fraggedakis et al., 2016;
Legendre et al., 2012; Liu et al., 2015; Soto et al., 2006), others have not, and in some
cases, the experiments conducted in the same polymer solutions have given
contradictory results (Amirnia et al., 2013; Dekée and Chhabra, 1988; Dekée et al.,
1986; Funfschilling and Li, 2006). Further investigation is required to give rise to such

a phenomenon.
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4.2 Bubble shape characterization and results

4.2.1 Bubble shape regimes in different solutions

As introduced in Chapter 2, the projections of the bubbles rising in different polymer
solutions (i.e. both PAAm and Xanthan solutions) are captured by the high-speed
camera. The examples of raw images are shown in Figure 4-4 and Figure 4-5, for the

PAAmM solution and Xanthan solution, respectively.

mm 0.1%wt PAAM 0.25%wt PAAM 0.5%wt PAAM 1%wt PAAM 1.25%wt PAAM
2 5 B

Figure 4-4 Visualization result of the bubble shapes in PAAM solutions of
different concentrations

mm 0.1%wt Xanthan 0.253%wt Xanthan 0.5%wt Xanthan
A E B

Figure 4-5 Visualization result of the bubble shapes in Xanthan solutions of
different concentrations

The resulting bubble shapes in different polymer solutions are shown as bubble shape
regime map, namely so-called Grace Map, in Figure 4-6. This bubble shape regime map
is plotted in terms of the dimensionless Re, Eo numbers and log Mo (dark gray curves),
which can be calculated as defined in Table 4-1, and the corresponding typical bubble

shapes (gray patterns in the background) extracted from the raw images are also
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depicted near the corresponding experimental points.
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Figure 4-6 Shape regime map (namely Grace Map) for bubbles in PAAm and
Xanthan solutions (dark gray curves: log Mo; gray spots in the background:
typical bubble shape near the corresponding experimental points).

In PAAm solutions, the range of Mo number is relatively small (-9<log Mo<-7) within
the concentration range of study (0.1%-1.25 wt. %). The data covers the spherical
bubble and the ellipsoidal bubble regimes. When increasing Eo and Re, the bubble
becomes bigger and the shape changes from spherical to ellipsoidal. Regarding the
concentration of the solution, it can be seen that the Re increases in a dilute solution,
making the bubble shape become more oblate and even causing wobbling due to the

strong surface oscillation.

In Xanthan solutions, the range of Mo number is larger (-9 < log Mo < 3) in the
concentration range investigated (0.1%-0.5 wt. %). The data covers not only the

spherical and ellipsoidal bubbles but also the prolate and teardrop ones. A similar
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tendency is found for the bubble deformation as in the PAAm solutions. In particular,
the cusp appears for high Eo number (Eo > 1) and becomes more significant with the
increase of the solution concentration or at lower Re number. Under this condition, the

bubble is also elongated vertically, which is uncommon in Newtonian fluids.

Compared with the Grace map given by (Clift et al., 1978) for bubble shapes in
Newtonian fluids, the intervals of the spherical bubble and the ellipsoidal bubble
regimes in the present study are consistent when Re > 1. However, the bubble shapes
are invariably spherical when Re < 1, which are contrary to those in non-Newtonian
fluids. In fact, in non-Newtonian fluids, as the bubble velocity could be extremely low
due to the complex rheological properties of the solution, relatively smaller values of
Re number should be considered, namely Re ranging from 0.001 to 1 in this study.
Within this range, the prolate bubble and teardrop bubble can also be visualized while

the spherical bubble appears only for low Eo number (Eo < 1).

4.2.2 Characterization with aspect ratio

Many correlation expressions are available to calculate the aspect ratio E with
dimensionless numbers, which are summarized in Table 4-2. By analyzing E in function
of a single dimensionless number, the fitting results are found to be better when using
We and Ta, while the results are very scattered with Re and Eo. Figure 4-7 and Figure
4-8 show the comparison of the experimental data and predicted ones by the existing

correlations from the literature adopting We and Ta, respectively.

From Figure 4-7, it can be seen that, overall, the aspect ratio of the bubble is nearly
constant at the beginning and then increases sharply for higher We number, which
indicates that the bubble tends to be more oblate once the inertial force is stronger than
the surface tension. In the PAAM solutions, where viscosity is relatively low, the stable
bubble shape can be maintained for a wide range of We < 0.5 and the experimental
points can be fitted by the correlation of (Legendre et al., 2012) considering different
Mo numbers. The curve predicted by another empirical correlation from Sugihara et al.

(Sugihara et al., 2007) reaches the upper boundary of the experimental points where the
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results of PAAM_0.1% wt. are situated, which suggests that this correlation, obtained
for the case of water, is not suitable for the fluid of higher viscosity. On the other hand,
the aspect ratio of the bubble has more variation in Xanthan solutions. For We < 0.001,
the aspect ratio begins to decrease slightly, which is consistent with the appearance of
the prolate shape in Figure 4-6. This decrease is more significant for a higher
concentration of the solute. Neither of the correlations from the literature can

characterize this law of change.

30

PAAM 0.1%
> PAAM 0.25%
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Figure 4-7 Aspect ratio E versus We number in PAAM and Xanthan solutions.
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Figure 4-8 Aspect ratio E versus Ta number in PAAM and Xanthan solutions.

The impact of the Ta number on the aspect ratio E is investigated in Figure 4-8, where
Ta number is related to the inertial force, the viscous force and the fluid properties. A
similar tendency is found indicating that the increase of the aspect ratio is due to the
dominant inertial force. The correlations by (Myint et al., 2007) and (Fan and Tsuchiya,
1990) approach the upper and lower bounds, respectively, of the data of the PAAM
cases. The pioneering correlation by (Tadaki and Maeda, 1961) shows a bias when Ta
number is close to 2. For Xanthan solutions, it seems that the existing correlations are
not useful, as all of them overestimate the aspect ratio for bubbles under small Ta

numbers.

The limits of the application of a single dimensionless number to characterize the
bubble deformation are revealed. As listed in Table 4-2, several correlations have been
found in recent years (Aoyama et al., 2016; Dong et al., 2010; Kelbaliyev and Ceylan,
2007; Liu et al., 2015), which use pairs of dimensionless numbers, such as (We, Re) and

(Eo, Re). These correlations were tested and used to calculate the aspect ratio with the

131



Chapter 4 Hydrodynamics of the bubble

experimental data in this study. It is found that the correlation proposed by the literature
(Aoyama et al., 2016; Dong et al., 2010; Kelbaliyev and Ceylan, 2007; Liu et al., 2015)
all underestimate the aspect ratio, especially for larger bubble (Deq > 5 mm) with a
deviation of more than 15% between E calculated from the correlation and E from
measurement in PAAM and Xanthan solutions. Since their correlations were obtained
from an experiment using other fluids, it can be supposed that the coefficient in their
equations should be modified for the non-Newtonian fluids. Liu et al. (Liu et al., 2015)

proposed the following form of a function to predict the aspect ratio of the bubble:
E=a+b-NfNS (4-9)

with four fitting coefficients (a, b, ¢, d) and two chosen dimensionless numbers (N,
N2). To verify this two-number model, the two numbers chosen among Re, Eo, We and
Ta are combined for the fitting of Eq. (4-9). The coefficients are optimized for each pair
of dimensionless numbers and the deviation between the predicted aspect ratio and the
measured one is calculated; it is denoted by the determination coefficient or r?. The
fitting results are given in Table 4-4. Unfortunately, whichever combination of two
dimensionless numbers is used, the error is significant, indicating that the prediction

model is not suitable for the current study, namely for non-Newtonian fluids.

Table 4-4 Correlation results for the bubble aspect ratio with different pairs of
dimensionless numbers.

We, Re We, Eo We, Ta Eo, Ta Eo, Re Re, Ta

a 0.9692 0.9824 0.9875 0.9745 0.9568 0.9634
b 0.003689 0.006974 43.87 0.004287 0.001096 0.002787

c 1.774 4.886 28.72 -1.851 1.402 0.6045
d 0.6143 -2.075 -36.48 5.67 1.117 2.252
r2 61.43%  76.65% 65.7 % 79.58% 68.47%  69.56 %
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Regarding the above analysis, it seems that the correlation developed for the Newtonian
fluid is not applicable to the non-Newtonian case. Given the complexity of the non-
Newtonian fluid, a parameter that can characterize the special rheological property,
such as the shear thinning property of the fluid, should be introduced. It was mentioned
in the introduction that one of the previous studies by (Li, 2011) adopted a so-called
dimensionless number: Wn = We-Eo-n , which additionally considers the
rheological factor n (flow behavior index of the Carreau model, see Section 2.1.1.3).
Li’s correlation containing the Wn number was tested and compared with our data. The
result is plotted in Figure 4-9. It can be seen that the experimental points are still widely
scattered and the curve of Li’s correlation underestimates the majority of our data. So,
the Wn number cannot properly predict the aspect ratio of our cases. That is probably
due to that the Wn number contains the Eo number, which has been found to lack
correlation with the aspect ratio. Since Ta is better correlated with the aspect ratio
(Figure 4-9-11), it seems reasonable to replace the Eo number by the Ta number.
Therefore, the evolution of the aspect ratio versus the product of We, Ta and n was

investigated and the result is shown in Figure 4-10.
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Figure 4-9 Aspect ratio E versus the product of We-Eo:n in the PAAM and
Xanthan solutions.

3.0
PAAM 0.1%
> PAAM 0.25%
i 4 PAAM_0.5%
210 o paam 1%
O PAAM 1.25%
> Xanthan_ 0.1%
2.0 4 Xanthan_0.25%
© Xanthan 0.5%
e —FEq.(4-10)
L5 -
10 -
0.5 L LU g L iy e
1E-04 LE-03 LE-02 LE-01 LE+00 LE+1 LE+02

We.Ta.n

Figure 4-10 Aspect ratio E versus the product of We-Ta:n in the PAAM and
Xanthan solutions.
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Although there is still some deviation for Xanthan at concentrations lower than 0.5%

wt, the fitting quality is significantly improved. It can be derived that a more accurate

correlation for predicting the aspect ratio could be developed based on Eq. (4-9). For

this purpose, three modified prediction functions are listed below. Inspired by Wn

number, the product of (We-Ta-n) is denoted “Tn’.

Tn=We-Ta-n

E=a+b.Tn¢

E = a+ b.Tncn+d

E =a+ (b.n+c).Tn@n+e)

where a, b, ¢, d, and e are the fitting coefficients.

(4-10)

(4-11)

(4-12)

(4-13)

In the range investigated in this study (-9 < log Mo <3), the fitting results are shown in

Table 4-5.

Table 4-5 Correlation results for the aspect ratio E with Tn number (i.e.

Ta-We-n).
Eq. (4-11) Eq.(4-12) Eq.(4-13)
a 0.98 0.97 0.96
b 0.0049 0.06 0.45
c 1.204 -1.17 -0.11
d - 1.75 -3.38
e - - 2.62
r 86.7 % 91 % 96.3 %

From Eq. (4-11) to Eq. (4-13), the correlation functions become more complicated by

giving more importance to the rheological index n and the fitting quality is significantly

improved. This indicates the importance of considering the rheological properties when

studying the bubble shapes in non-Newtonian fluids. The aspect ratios calculated by
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Eq. (4-11) - Eq. (4-13) are compared with the result of Li’s model in Figure 4-11.

It can be seen that, by adopting Tn instead of Wn, the fitting quality is improved with
respect to Li’s correlation and also much better than the results listed in Table 4-2, in
which the aspect ratio was predicted without considering the rheological index n. The
reason for the good fitting agreement is assumed to be that the Tn number contains
multiple influencing factors, including the inertial force (We, Ta), surface tension (\We),

viscous force (Ta), fluid properties (Ta) and rheology (n).
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E from correlation

Figure 4-11 Comparison between E from the correlation and E from
measurement in PAAM and Xanthan solutions.

To sum up, in the non-Newtonian fluid, the bubble shape is more sensitive to external
conditions than that in Newtonian fluids. It is possible for the aspect ratio of the bubble
to be smaller than 1 in non-Newtonian fluids, giving the appearance of an elongated

bubble. Although the aspect ratio is still mainly related to the inertial force (for big
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oblate bubbles), simply considering one factor or one dimensionless number is
insufficient to predict it. The aspect ratio of the bubble depends not only on the different

forces applied to the bubble but also on the rheological properties of the fluid.

4.2.3 Characterization with parametric equations

4.2.3.1 Definition

The profiles of the bubbles in cross-section (x-y) are recorded by the camera (Figure
4-12). It would be interesting if these profiles could be described by simple parametric
equations. There are several well-known shapes, such as teardrop, simple folium and
piriform, which give rise to approximate models of the profiles of a bubble or droplet.

Their parametric equations are given with examples in Table 4-1.

1 T : Bubble rising direction

< 2x C >

0

Figure 4-12. Schematic diagram of the bubble profile

Table 4-6 Approximate models of the profiles of a bubble or droplet: parametric
equation and example.
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t n a:1

Teardrop {x = asint (sm 5) n=3
y = acost tE[-o0,+o0]

_ x =ty _

Simple a a=1
folium Y= ree)e te[-00,+o0]

@ a=1

Piriform x =—-cos® tsint b=1
y =acos’t tE[-o0,+0]

Based on the equations listed in Table 4-6, a new method is proposed to characterize

the bubble shape by parametric equations. The interpretation is given as below:

— 2Xct
x(t) = 1+t2
y t € [—o0, +0o0] (4-14)
_ A
y(®) = [1+at2]B
2xc
E == (4-15)
ya

where:

= q, [ aretwo parameters describing the bubble shape;

E is the aspect ratio;

= 2x. isthe length of the minor axis of the bubble profile depicted in Figure
4-12;

= 1y, is the length of the major axis of the bubble profile depicted in Figure
4-12;

= ¢ isanumerical variable range between negative and positive infinity.

4.2.3.2 Determination of parameter a, B from the images

Since the value of yaand 2xc can be obtained directly by measurement, an optimization
can be performed to determine the values of a and . Supposing that the edge of the
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bubble profile can be divided into N points, the coordinates of point i (x; ¢xp, ¥iexp) ON
the experimental image are defined. By arbitrarily proposing a pair of values («, 5) we

have, from Eq. (4-14):

1 _1
t; = \/E [(yi,exp/yA) F—1] (4-16)
By substituting t; in Eq. (4-14), the calculated abscissa x; .,; can be obtained:

2x.t;
1+t?

(4-17)

Xical =

The values of the parameters o and £ are optimized by minimizing the sum of the
difference at all points between the abscissa calculated with Eq. (4-14) and the one from

the experiment:

|xi,cal - xi,expl (4'18)

The difference is then compared to the equivalent diameter and the relative deviation

of the fitting result is defined as follow:

xi —xi
err = | i,cal~*iexp (4_19)
N.Deq

4.2.3.3 Influence of the parameters on bubble profiles

Regarding Eq. (4-14) & (4-15), the bubble shape could be characterized by the
parameters, a, 5, and the aspect ratio, E. To investigate their impacts on the shapes, the
evolution of the bubble shape in function of « and g is represented in Figure 4-13 where
the profiles of the bubbles are shown for aspect ratio E=1 (Figure 4-13-1) and E=0.5
(Figure 4-13-11). Within the investigated experimental conditions, it could be observed
that the profile is sensitive to both o and 4. The value of « can change the position of
the major axis (horizontal) of the bubble profiles. When the value of £ is fixed (e.g.
S=1) and « increases (e.g. a=0.5-2.5), the major axis is moving from near the top of

the bubble to the bottom of the bubble. On the other hand, g is related to the appearance
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of the cusp. Herein, the bubble deformation can be roughly summarized as follows:

= For /5 <0.6, there is a clear cusp at the bottom of the bubble. The typical inverted
teardrop shape appears at a high value of a. (e.g. Figure 4-13-1: a=2.5, 5 =0.4).

= For 0.6<5 <0.8, the shape profile becomes progressively rounded at the bottom and
the cusp gradually disappears as the value of /5 increases.

= For 0.8<p<1, there is no longer a cusp and the profile becomes more and more
rounded. The quasi-ellipsoidal bubble appears at this interval. In particular, the
circular profile (spherical bubble) and the perfectly elliptical profile (ellipsoidal
bubble) appear when the value a and $ are both equal to 1. Their difference comes
from the change of the aspect ratio value.

= For f>1, the bottom of the profile tends to be flat. The typical cap shape appears
when the values of a and g are both high enough. (e.g. Figure 4-13-11: a=1.5, j

=1.5)
[ I
12 M Lol ko a a
L A R G A A § 75 ves IS : i i
O i ¢ 7 < e o ¢ e
0.6 ___'_.g__' _________ .i. __________ _i ____________ 15_ _________ .i ...... i 1; i
04 [T 7T i
; } f 1 a 0.5 : : :
0.5 1 1.5 2 2.5 0.5 1 1.5

Figure 4-13 Evolution of the shape versus the parameters a and g (1: E=1; I1:
E=2).

4.2.4 Result of shape parameters

4.2.4.1 Fitting result

To better analyze the bubble shape, the bubble profile is fitted by the parametric models

introduced. Two typical fitting results, chosen for single bubbles in Xanthan and PAAm

140



Chapter 4 Hydrodynamics of the bubble

solutions, respectively, are shown in Figure 4-14-1 & 11, where the black dots are the
contour points of the original bubble extracted by Matlab and the red line is the fitting
contour with the values of o and £ indicating alongside. It can be seen that whether the
bubble has a teardrop or ellipsoidal shape, the deviation between the experimental
points and the fitting points is small. In fact, the deviation defined in Eq. (4-19) obtained
by measurement is in a magnitude smaller than 3%. To ensure the validity of the bubble
characterization result, fitting data with an error of more than 2% was eliminated. An
example of the averaged fitting results of the bubble shapes in both PAAm and Xanthan
solutions under different concentrations are given in Figure 4-14-111 & IV. It can be
observed that under the same operational condition for bubble generation (i.e. the size
of nozzle and the air flow rate), the sizes and shapes of bubbles depend on the type and
concentration of the solutes (i.e. PAAm and Xanthan). In addition, the evolution of the

bubble shapes given by the model is consistent with the original bubble shapes depicted

in Figure 4-6.
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Y (mm) [—opt. - W—om,
D, =52 mm 6F = |eeses Exp. D,;=6.40 mm 6F 0 aeees EXp.
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a=1.12 5 a=1.87 5t
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err =0.8% err=1.2% al
3 3
2 2
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4 3 2 1 0 1 2 3 4 4 3 2 1 0 1 2 3 4
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Figure 4-14 Examples of the bubble profiles and the fitting ones by Eq. (6) in
PAAm (I, 111) and Xanthan solutions (11, 1V) under different concentrations.
(The bubbles are injected by the nozzle with a caliber of 1 mm at a flow rate of
10pL/h).

It can be seen from Figure 4-14-111 & 1V that in PAAm solution, the size of the bubble
slightly changes, while the shape becomes more and more rounded for higher
concentrations, namely, from an oblate bubble to a general ellipsoidal bubble. In
contrast, in Xanthan solutions, the major axis of the bubble increases as the
concentration of Xanthan increases, as well as the bubble deforms from an oblate

ellipsoid to an oblate teardrop and then turns to an average teardrop.
4.2.4.2 Relationship between parameters a and g

For a single bubble, a pair of parameters («, ) could be obtained from the fitting result.
Thus the shape of the bubble can be depicted by using these two parameters. In Figure
4-15, the relationship between the bubble shape parameters (o and f) are depicted for
bubbles in PAAm and Xanthan solutions. The corresponding bubble profiles (light gray
outline) are also displayed at the positions of values a and £. In this figure, the delicate
changes of bubble shape can be visualized and quantified, which is difficult to achieve
simply by using the aspect ratio. For PAAm solutions, the data are concentrated in the
range of 1 <a<1.2and 0.8 < <1, suggesting that the bubble is spherical or ellipsoidal,
while, for the Xanthan solution, the range of these two parameters is much larger. As
the parameter « increases, the value of  decreases gradually. As interpreted in Section
2.4.2, the cusp of the bubble appears when £ < 0.6 and it becomes sharper or pointed
when £ continues to decrease. The result of the Xanthan cases shows good agreement

with this evolution.
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Figure 4-15 Relationship between the bubble shape parameters (« and g) in both
PAAmM and Xanthan solutions under various concentrations.

The relationship between a and g could be correlated by a power-law function, which

is expressed as below:
a®85p =1 (4-20)

In the range investigated in this study (-9<log Mo<3), the accuracy of this correlation
is acceptable, with a determination coefficient r>>95%. It can be seen from Figure 4-15
that the curve of Eq. (4-20) passes the point (a, 8) = (1, 1), which indicates a perfect
spherical bubble (or an ellipsoidal bubble when E # 1). Thanks to Eq. (4-20), it is
possible to characterize the bubble shape with only one parameter (either o or j). In the

next section, only the parameter £ is taken into consideration.
4.2.4.3 Correlation of parameters

It can be known from Section 4.2.4 that the aspect ratio E roughly describes the bubble
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shape while the parameter o and f characterize the details of bubble deformation in
both PAAm and Xanthan solutions. As mentioned in the introduction that a lot of
research has been carried out for predicting the aspect ratio E for bubbles in different

liquids, we will focus on the discussion of the bubble shape parameter .

Depending on the value of £, bubble shape changes from ellipsoidal (without cusp tail)
to teardrop (with cusp tail). Some existed research attempts to explain the appearance
of the cusp tail theoretically and most of the authors support the reason that the majority
of non-Newtonian fluids are composed of long-chain molecules and possess
viscoelasticity (Barnett et al., 1966; Zenit and Feng, 2018). To quantify the elasticity of
the fluid, the Deborah number is utilized to compare the response of the fluid to the

characteristic time of the motion:

With t; the relaxation time of the Carreu model (Eq. (2-2)).

For our operating conditions, shear rates can be estimated from the processed
experimental data: rising velocity U and equivalent diameter of the bubble Deq (Dietrich,

2008):

Degq
The method to calculate U and Deq is presented in Sections 2.3.

Since the cusp could now be quantified by the parameter g, we can study this problem
experimentally by analyzing the evolution of £ in terms of the bubble size (V) and

various dimensionless numbers (De, Eo, Re), shown as in Figure 4-16.

144



Chapter 4 Hydrodynamics of the bubble

I . II ..
1.0 A 1.0 4
&< o
PR TR ¥ A %
0.8 | & 45,8 0.8 % 8. Ca 3%
Eg‘lfmh ° ) ‘EE 2
58 +% o° R & .
o, o r O @ A <
s || TAAMI% o agoo w06 | [ FPAAML0I% g%
o PAAM 0.25% ) > PAAM_0,25% ] '
2 PAAM_0.5% : 4 PAAM_05% N
0.4 1 [OPAAM_ 1% 0.4 1| OPAAM_1%
OPAAM_125% OPAAM_125%
02 41° Xanthan_0.1% 02 | < Xanthan_0.1%
4 Xanthan_0.25% 4 Xanthan_0.25%
© Xanthan_0.5% © Xanthan_0.5%
0.0 0.0 ; ; ;
1.E-01 1L.E+00 LE+01 1LE+02 1LE+03 1LE+00 LE+01 1.E+02 1.LE+03 1.LE+04
V [mm?| De
12 12
L0 N 10 4
A,
ot By BE gy L
" o og a
0.8 & a%8 "g % 08 { % °8 -5 8y ® % x
%, X A D 'y 3
o 06 {[ xPAAM_0.1% % %& o 06 1 XPM"’LU"/: PO S 1
> PAAM_025% 7 ©PAAM_0.25% % N
L PAAM 0.5% 4 PAAM_05%
04 1 o PAAM_ 1% 04 1] OPAAML1%
OPAAM_125% OPAAM_125%
02 < Xanthan_0.1% 02 4| ¢ Xanthan_0.1%
& Xanthan_0.25% & Xanthan_0.25%
© Xanthan_0.5% © Xanthan_0.5%
0.0 00
LE-02 LE-01 1LE+00 LE-03 LE02 LE-01 LE#00 LE+01 LE+2 LE+03
Eo Re

Figure 4-16 The evolution of parameter B in terms of the bubble size (V) and
various dimensionless numbers (De, Eo, Re) in PAAm and Xanthan solutions
under various concentrations.

It can be obtained from Figure 4-16 that:

(1) for larger bubbles, the velocity of the bubble increases then the bubble begins
to deform and becomes less rounded when the contribution of inertial force and
buoyancy is stronger than the surface tension and viscous force.

(2) p decreases with higher viscoelasticity of the solution in most investigated
range except for some PAAm which are relatively less elastic. If the bubble moves
too fast, the liquid cannot fill the space in the rear of the bubble immediately.
Hence this space is still occupied by the gas and pressed by the long-chain liquid
molecule from the side, leading to a little cusp tail forming in the rear of the bubble.

(3) In the evolution of -De and f-Re, the evolution of the value g under three
concentrations is quite dispersed. This result might be caused by the different
shear-thinning level of the solutions as the shear-thinning property is also a reason



Chapter 4 Hydrodynamics of the bubble

for the deformation of the bubble (Warshay et al., 1959).

The data in Figure 4-16 are too scattered for a general law to be obtained. Hence
multiple influencing factors are considered instead of one. By analogy with the analysis
of aspect ratio, the investigation was carried out for the evolution of g with different
pairs of dimensionless numbers as well as the shear-thinning property which can be
roughly quantified by the power index n. After testing several functions, the following

correlation was proposed to fit the experimental data:
B =n—0.11De%E0%11 + 0.80 (4-23)

This equation is correlated to the result depicted in Figure 4-16 as [ decreases
monotonically with high De, Eo numbers and the shear-thinning levels. The
comparison between parameter j predicted by Eq. (4-23) and the experimental ones is
shown in Figure 4-17. It can be seen that, in the range used for this study (-9<log Mo0<3),
the prediction quality of parameter  in both PAAm and Xanthan solutions is satisfied.
Relatively large deviation appears at high values of $ due to the wobbling of the bubble
when rising in thin PAAm solution. The fitting result has a coefficient of determination

(R?) higher than 95%.
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Figure 4-17 Comparison result between parameter g from correlation
(Eq .(4-23)) and B from measurement in PAAM and Xanthan solutions.

425 Prediction of bubble shape

In summary, with Eq. (4-14) & (4-15) to describe the bubble shape, Eq. (4-13) for aspect

ratio E, Eq. (4-23) for predicting parameter g and Eq. (4-20) for the relationship

between « and 3, a complete system could be established for investigating or predicting

the bubble shape in non-Newtonian fluids. As shown in Figure 4-18, the aspect ratio of

the bubble and the parameter $ can be estimated using multiple dimensionless numbers

and the flow behavior index n. The other shape parameter « could be calculated by the

correlation between « and S. The values of E, a, and g are then substituted into the

bubble shape equations and finally, the bubble profile can be predicted.
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Figure 4-18 Illustration of correlation equations System for the bubble shape prediction.

4.3 Result of bubble velocity and drag

4.3.1 Bubble velocity

Concerning the bubble terminal velocity, as shown in Figure 4-19, it first increases with
the bubble size then tends to be constant when the bubble size gets bigger. Although
the velocity curves at different concentrations differ more from each other for Xanthan
solutions, this evolution and the final constant velocity do not depend on the type of
solution or the concentration of the solute. It could be derived that, in a highly viscous
Xanthan solution, the bubble rises much more slowly and needs to attain the final
constant velocity in a bigger size. In particular, it exists a remarkable difference
between the velocity curves of the three lower concentrations of PAAm solutions and
those of the two higher concentrations. It could be explained that, in the dilute PAAM
solutions (0.1%- 0.5% wt), the bubble shape is less stable with surface oscillation,
which leads to the reduction of the viscosity around the bubble due to the shear thinning
property. On the other hand, when a bubble is rising in a concentrated enough PAAmM
solution (1%-1.25% wt), the surface oscillation no longer exists due to the stable bubble
shape. The bubble thus encounters more resistance and its velocity is much slower.
Moreover, there is no evident velocity discontinuity under our experimental conditions

indicating that the bubble terminal velocity could be less influenced by the bubble shape
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deformation (from ellipsoidal to inverted teardrop). This continuity is consistent with
the literature (Amirnia et al., 2013; Funfschilling and Li, 2006), in which the same

behavior of rising bubbles was found in Xanthan solutions and PAAm solutions.
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Figure 4-19 Relationship between bubble rising velocity and bubble size (Deq:
0.7~7 mm) in Xanthan (I) and PAAm solution (11).

4.3.2 Drag coefficient

According to the mass balance (Section 4.1.2), the drag coefficient of the bubble equals

to

a-D..3
Cp = 179 Deq” (4-24)

3 U2A

Where A refers to the area of a cross section perpendicular to the bubble moving

direction. This area can be calculated from the width of the bubble 2x,. (Figure 4-12)
A =mx.? (4-25)
Thus the expression of drag coefficient becomes

. 3
Cp = 227 (4-26)

3 U2x,2

With the Eq. (4-26), the drag coefficient is calculated for bubbles rising in different

solutions. The result is plot as a function of Reynolds number which is estimated with
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the viscosity from the Carreau model (Section 2.1.1.3). It shows that the drag coefficient
decreases when Re < 10 then tend to be constant for higher Reynolds number. This
tendency is clear especially for the cases of Xanthan gum solutions which have a wide
range of Reynolds. Regarding the concentration of the solute, it seems that drag
coefficient slightly increases for more concentrated Xanthan gum solution. This is
supposed to relate to the elasticity of the solution. For PAAm soutions which have
smaller variation of the elasticity (depending on the relaxation time in the the Carreau
model), this impact is relatively negligible in the figure. The result is compared to
several existed correlation model. Our result has a better consistence for smaller
Reynolds number with a value close to 16/Re. For Re > 30, the drag coefficient

become a constant value close to 1 while all the depicted correlation has underestimated

the value.
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Figure 4-20 Drag coefficient versus Reynolds number for bubbles rising in

different solutions.

Besides the property of the solution, the bubble shape itself can affect the drag. To
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investigate this impact, the drag coefficient is plotted as a function of the shape
parameter . The result is shown in Figure 4-21. Since the bubble shape is not stable in
dilute solutions, the data only refers to the case PAAmM (1-1.25 wt. %) and Xanthan gum
(0.1-0.5 wt.%). The result shows that for all the cases, the drag coefficient increases
with a higher value of the parameter f. As discussed in Section 4.2.3, a higher value g
leads to a more rounded bubble and small § leads to the bubble with a pointed tail or
the teardrop shape. It is known that the teardrop shape is much more streamlined than

the spherical one. That can explain the drop of the drag for a lower value of the

parameter f.
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Figure 4-21 Drag coefficient versus Bubble shape parameter g for bubbles rising
in different solutions.

4.4 Trajectory characterization and result

4.4.1 Trajectory fitting model

As introduced in Chapter 2, the centroid of the bubble in each recording frame is
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recognized and processed in Matlab software. Plot the centroids of the bubble on a

coordinate plan will give the trajectory of the bubble.
To characterize the trajectory of the bubble, the following equation is defined:
x=Asin(B-y+C)+D (4-27)

where (A,B,C,D) are four fitting parameters and (x,y) is the coordinate of the
bubble centroid. The fitting for this trigonometric function is implemented by using a

nonlinear regression solver Fminspleas in Matlab software.

Thus the period of the oscillation can be defined as:

21
T== (4-28)

The example of the fitting result is shown in Figure 4-22 for a bubble with an equivalent
diameter of 5 mm rising in most dilute concentrations (0.1%). It can be seen that for
such a big bubble, the bubble in PAAm exhibits a zigzag motion while the bubble in
Xanthan solution has a linear path. Both results are well fitted with a determination

coefficient r2 high than 98%.
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Figure 4-22 Example of the fitting result of the bubble trajectory (D.,~5 mm). I:
PAAmM 0.1 wt%; I1: Xanthan gum 0.1 wt%

4.4.2 Trajectory result

In PAAm solutions, for the bubble with an equivalent diameter smaller than 1.5 mm,
the bubble is rising approximately linear. When the bubbles become bigger, a zigzag
path is visualized. The trajectory of the bubble of different size rising in PAAm of
various concentration is depicted in Figure 4-23. It is found that for dilute solutions
(concentration of 0.1 wt. % - 0.25 wt. %) there is no an evident tendency between the
trajectory and the bubble size. This is due to the variation of the bubble shape which
leads to the complex flow condition around the bubble. On the other hand, when the
bubble rises in concentrated solutions (concentration of 0.5 wt. % and 1 wt. %), it can
be seen that the oscillation period of the trajectory is increasing for bigger bubbles. If

the solute concentration continues to increase (1.25%), the liquid gets more vicious, the
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impact of the bubble size on the trajectory reduces. Regarding the impact of the bubble
shape on the trajectory, the spherical bubbles have more linear trajectory than the

ellipsoidal bubbles which rise in a zigzag path.
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Figure 4-23 Trajectory of the bubbles in different size (D,4=1-5 mm) rising in

PAAmM solutions
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The result of the trajectory in Xanthan gum solutions is plotted in Figure 4-24. For the
chosen concentration of the solute, all the bubble rises in a linear path even for big
bubbles. When the bubble size changes, the trajectory is stable only with a slight
deviation between each case. For concentrated solutions, the trajectory lines are
overlapped and the impact of the bubble size on the trajectory is negligible. Particularly,
the trajectory of a bigger bubble seems to more vertical (see the blue lines) than the
others. That is because such a big bubble has a higher vertical velocity U,. Regarding
the impact of the bubble shape on the trajectory, although the bubble shape have more
variation in Xanthan gum solutions (from spherical bubble to teardrop bubble), it seems
that the bubble trajectory is independent on the bubble shape in these media since all

the bubbles rise vertically.
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Figure 4-24 Trajectory of the bubble of different size (D.q=1-5 mm) rising in

Xanthan solutions
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4.5 Conclusion

In this chapter, various single air bubbles (Deq: 0.7-7 mm) rising in stagnant non-
Newtonian fluids (polyacrylamide, Xanthan) are investigated by high-speed
photography and image post-processing technologies. To characterize the bubble shape,
an innovative model is proposed, which used parametric equations and contains the
aspect ratio (E) and two shape parameters (o, f). The evolution of these three
parameters has been investigated by considering the overall impact of multiple
dimensionless numbers (Re, We, Ta, Eo) and the fluid rheological index n. Based on the

experimental results, several conclusions can be drawn:

1. Within the range investigated here (-9 < log Mo < -7), the bubble shapes in PAAM
solution cover the spherical bubble and the ellipsoidal bubble regime while, in Xanthan,
the range of Mo is bigger (-9 < log Mo < 3), and the data covers not only spherical and

ellipsoidal bubbles but also prolate and teardrop ones.

2. In investigated non-Newtonian fluids, the aspect ratio of the bubble can be smaller
than 1, indicating the appearance of an elongated bubble. To predict the aspect ratio,
although it is still mainly related to the inertial force (for big oblate bubbles), simply
considering one factor or one dimensionless number is insufficient. The aspect ratio of
the bubble depends not only on the different forces applied to the bubble but also on
the rheological properties of the fluid. An empirical correlation is then obtained for the
aspect ratio by considering all the influencing factors, which are denoted by

Tn=We-Ta-n.

3. The shapes of the bubbles from spherical to inverted teardrop can be characterized
with good accuracy by adjusting three specific parameters (E, a, ) in the parametric
shape equations. The parameter o correlates with the parameter g by a power-law

function.

4. In non-Newtonian fluid, the cusp of the bubble (quantified by p) is related to the

viscoelasticity as well as the shear-thing level of the solutions. A correlation of
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parameter £ is obtained with the Deborah number (De, E6tvés number (Eo) and the
shear-thinning index n. Along with the other correlations and the bubble equation, a
complete system is established for bubble shape characterization and prediction, which

will provide new ideas for future studies on bubble hydrodynamics.

5. Regarding the bubble trajectory, in PAAm solutions, the bubble path is linear for
small spherical bubbles and is changed to a zigzag path for the ellipsoidal bubbles. On
the other hand, the bubbles in Xanthan gum solution always rise vertically indicating

that the trajectory is independent on the bubble shape and size.

With the knowledge of the bubble shape, the interfacial area for mass transfer can be
calculated. The impact of the hydrodynamic property of bubble on the mass transfer is

discussed in the next chapter.
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Chapter 5

Mass transfer in polymer fluids

Abstract

Based on the planar laser-induced fluorescence with Inhibition (PLIF-I) experiments,
the mass transfer and diffusion phenomena in the wake of single air bubbles (equivalent
diamater~1-1.4 mm) rising in various aqueous polymer solutions (PAAmM: 0.1 wt%-0.5
wit%; Breox: 2 wt%-9.1 wt%) are investigated. For each fluid medium, liquid-side mass
transfer coefficient and the diffusion coefficient are determined and analyzed by
considering multiple factors: the rheological properties of the fluid, the concentration
of the solute, the hydrodynamics of the bubble, and the contamination effect. The results
are compared with cases implemented in non-polymer solutions to clearly identify the
characteristics of mass transfer in the polymer media. In addition, an extension study
has been carried out for measuring the mass transfer from bigger bubbles (D, = 1.5-
5.5 mm) in two types of solutions (PAAmM 1 wt.% and Xanthan gum 0.1 wt.%). The

impact of the deformation of the bubble shape on the mass transfer is investigated.
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5.1 State of the art

5.1.1 Mass transfer quantification by visualization techniques

As introduced in Chapter 1, with the development of optical equipment such as high-
resolution cameras, powerful lasers, and high-performance sensors, many visualization
techniques are developed providing the feasibility to gain new insight into the local gas-
liquid mass transfer. These techniques have been applied to the different systems and

lots of achievements have been done giving a better quantification for the mass transfer.

(Roy and Duke, 2000) estimated local interfacial mass transfer coefficients for oxygen
absorption from direct measurements of the concentration gradients and boundary layer
thicknesses along the air bubble surface. The technique provides measurements of mass
transfer coefficient that are uncoupled from the specific interfacial area. In the work of
(Lee, 2002), oxygen concentration fields in a water body were visualized by the
fluorescence oxygen visualization method. From image processing, the accurate
pathway of oxygen-rich, cold water at the water surface was also visualized. The
amount of oxygen transferred through the air-water interface during the experiment was
measured and the oxygen transfer coefficient was determined. A novel calculation
method for the measurement of mass transfer coefficients has been developed by (Kiick
etal., 2010). In the work of (Frangois et al., 2011b), an original approach for accurately
measuring the mass transfer of a single bubble rising in a liquid is reported. The
approach consists of using PLIF technique at micro-scale to capture images of the
released oxygen concentration field in the bubble wake. The applicability of the
technique for determining mass transfer coefficients in different fluids (1 < Re < 100)
is demonstrated and the relevance of the results is corroborated by established
correlations. With the similar approach, (Dietrich et al., 2015) demonstrated that the
oxygen concentration fields appear symmetric with a 3D Gaussian profile forming a
concentric, rounded gradient of oxygen with the maximum concentrations at the center

of the spot. The approach consists of capturing pictures of the concentration field at
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micro-scale in the laminar bubble wake, which permits to accurately and quickly
evaluate the gas-liquid diffusivity. In the work of (Jimenez et al., 2012b, 2012a),
experiments based on a flat air-liquid interface were carried out in a Hele-Shaw cell.
With assumptions of one-dimensional diffusion, a simplified mathematical approach is
used to determine the diffusion coefficient of oxygen in the water then the method is
extended to the wastewater cases (Jimenez et al., 2014). More recently, (Huang and
Saito, 2017a) precisely calculated the instantaneous mass transfer coefficient of the
bubble and discussed the influences of the bubble-surface contamination on the bubble
motion and the mass transfer. (Roudet et al., 2017) measured the interfacial mass fluxes
for pure confined oxygen bubbles of various shapes and paths rising in water and
proposed a scaling law of the Sherwood number as a function of Peclet number. (Kong
et al., 2018) obtained the evolution of CO2 concentration for a rising bubble and the
transfer from mass to the wake region by means of vortex shedding is determined.
Several representative works for the bubble cases are listed in Table 5-1 with the gas-

liquid types, the bubble size and the result of the quantification.

Table 5-1. Bibliography of the mass transfer quantification of a freely rising
bubble by PLIF-I in the past decade

Bubble Diameter Liquid
Author Gas g . Quantification result
[mm] (agueous solution)
Dani et al., _ .__
( 2007) 02 <1 water image of [O2] distribution
Stohr et al., _ o
( 2009) CO2 0.5-5 water image of [O2] distribution
Hanyu and _ o
éaitoy2010) CO; 2.9 water image of [O2] distribution
(Frangois et al water + glycerol (0-80
2011a) ) ©: 0.72~1.88 wt%) + ethanol (0-80 ki: 8.5x10° - 3.3x10* m/s
wit%)
Kick et al.,
( 2012) CO: 2.9 water ke: 1.5%x10 - 3.5x10™* m/s
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(Valiorgue et al.,
2013, 2014)

(Jimenez et al.,
2013)

(Jimenez et al.,
2014)

(Dietrich et al.,
2015)
(Saito and Toriu,
2015b)

(Huang and
Saito, 2015,
2017a)

(Xu et al., 2017)
(Roudet et al.,
2017)
(Kong et al.,
2018)

CO;

Air

0.

Air

CO;

CO;

Air
07)

CO;

0.8~1.5

0.9~2.24

~1.20

0.72-1.88

~1.16

2.9

0.90-1.23

5.1-32

1.9

water ;
water + ethanol (20 wt%)
Na2S03
water + ethanol (20 wt%);
NaCl (1-5g/L) ;
glucose (0.5-1 g/L);
glycerol (10-25 wt%);

Demineralized water,
Treated water and
wastewater + surfactant

glycerol (0-43 wt%)

water

purified and contaminated
water

water

water + ethanol (20 wt%)

water

k. for water case:
2.00x10* - 4.64x10™ m/s

k. for water case:
2.49x10* - 4.31x10* m/s

D: 1.6x10° - 2.03x10° m?/s
k.: 0.16x10™ - 3.95x10“ m/s

D: 4x10™™ - 2.09%10° m?/s

[CO]=1 - 2.5 mg/L in the bubble

k. for
purified water: 1.5x10™ - 3.5x10™ m/s
contaminated water: 0.2x10™* — 0.4x10*
m/s
D: 1.9x107 - 2x10° m/s

Sh = 1.066 Pe'?

[CO,]<2.5 x 10°mol-L ™ in the core of
the vortex.

In industrial application, most of the liquid media are polymers as in biological systems,

cosmetic, food industries, etc. For wastewater treatment, polymers can play as

flocculants, coagulants or emulsion breakers to remove the total suspended solids (TSS)

and enhance the sedimentation process. It is believed that the presence of the molecule

can affect the mass transfer (Levitsky and Shulman, 1995) and the rate of diffusion of

oxygen through the polymer is a critical characteristic of the polymer’s performance

when the polymer used as medical implants, food containers, and sensor materials

(Bowyer et al., 2004). It can be seen (in Table 5-1) that most of the previous research is

implemented for bubbles rising in water and the study on the mass transfer of freely

rising bubble in a complex liquid media like highly viscous fluid or polymer fluid are

relatively rare. Therefore, this chapter contributes to study the effect of the polymer
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solutions on the bubble-liquid mass transfer.

5.2 Mass transfer visualization and characterization

As shown in Table 5-1, the mass transfer of bubbles in polymer solutions has rarely
been studied despite the fact that the properties of the polymer molecules may have an
impact on the mass transfer (Levitsky and Shulman, 1995). To investigate this problem,
the experiments have been implemented for single air bubbles rising in the different
polymer solutions (PAAmM: 0.1-0.5 wt%; Breox: 2-9.1 wt%) by using the technique of
Planar Laser-Induced Fluorescence with Inhibition (PLIF-I). For each liquid medium,
the properties of the liquid phase, such as viscosity, polymer type and concentration of
the solute, as well as the hydrodynamics of the bubble, are taken into account and their
impact on the mass transfer is estimated. The results are compared to some cases

implemented in non-polymeric solutions mentioned in the literature.

5.2.1 Hydrodynamic result

Based on the two-camera experimental configuration (Chapter 2), the hydrodynamic
behavior is recorded by the high-speed camera. The detailed results on the bubble size,
rising velocity, and other parameters are shown in Table 5-2 for all the experimental

Ccases.
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Table 5-2 Hydrodynamics results of the bubble

Composition D, U, E Re Cp

[wt.] [mm] [mm/s]

Water 1.02 +0.02 268.54 £1.69 1.13 273 0.18

+ Breox 2.00% 1.16 £0.01 113.15+1.02 1.02 66 1.19
5.50 % 1.33+0.01 100.88 +1.21 1.02 28 1.71
9.10% 1.40 +£0.01 86.58 £0.71 1.02 11 2.44

+ PAAM 0.10% 1.00 +0.01 81.14+0.92 1.04 30 1.99
0.25% 1.00 +0.01 69.83 £0.77 1.00 18 2.66
0.50 % 1.03 +0.01 62.28+0.48 1.00 12 3.47

It can be seen that, although generated under the same conditions (identical nozzle, flow
rate, etc.), the presence of polymer molecule changes the hydrodynamic properties of

the bubble and the results depend on the type of solute.

In the Breox solutions (Newtonian fluid), the bubble has a larger size but rises much
slower than the one in water. With a higher concentration of the solute, the velocity of
the bubble decreases and the aspect ratio decreases and tend to be 1. The change of
bubble behavior is related to the higher viscosity of the liquids (Chapter 2) which also

leads to smaller Remolds number and larger drag coefficient.

In the PAAm solutions (non-Newtonian fluid), the equivalent diameter of the bubble
stays close to 1 mm for three concentrations of the solute. The other results are similar

to the ones in Breox except that the velocity of the bubble is even lower.

Since all the bubble in the experiment has a small size (D, < 1.5 mm), it is also found
that the rising trajectories of all the bubbles are nearly rectilinear. Regarding the bubble
shape, the aspect ratios are close to 1 for all the cases indicating the bubbles in this
study can be assumed to be quasi-spherical. An example of the bubble shapes in the

different types of the solution can be seen in Figure 5-1. In addition, the bubble rises
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more slowly in polymer media, making it more reasonable to neglect the influence of

the convection caused by the bubble motion on the mass transfer in the bubble wake.

Water Breox 2.2%wt PAAM 0.1%wt

1[1/15]

15

20

[0,] [mg/L]

=05
25

30V

0.5

0.75
mm

Figure 5-1 Examples of corrected images and shapes of a single bubble rising in
water, Breox 2.2 wt% and PAAmM 0.1 wt%o solutions

5.2.2 Oxygen concentration field in the bubble wake

With the CCD camera located under the column (Chapter 2), the mass transfer is
visualized in the bubble wake. The examples of the corrected images are given in Figure
5-1, which shows the evolution of the oxygen concentration field in the cross-section
of the bubble wake (recorded every 5/15s as the laser frequency is 15 Hz) for three
different fluids (water, Breox 2.2 wt%, and PAAm 0.1 wt%), with the corresponding
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bubble shapes given at the top of the figure.

Some results are immediately visible on this figure. Since the bubble is small and quasi-
spherical, the mass transfer or the oxygen concentration field is presented as a circular
diffusion spot and the concentration distribution shows centrosymmetry. The oxygen
concentration decreases with the distance from the spot center. As a function of time,
the oxygen spot expands and the oxygen molecule diffuses from the spot center to the

surroundings.

Comparing the mass transfer spots for the three cases, we can find that the transferred
mass in polymer media is much less than that in water. Moreover, at the same moment,
for the small concentration (Breox 2.2 wt%, and PAAm 0.1 wt%), the dissolved oxygen
concentrates more at the center in the PAAm solution than in Breox solution even

though the total mass transfer is basically the same in these two cases.

5.2.3 Characterization with Gaussian equation

In order to further quantify the mass transfer with the images as shown in Figure 5-1, a
Gaussian model (Eq. (2-16)) is proposed for fitting the corrected oxygen concentration
field. The fitting method is presented in Chapter 2. For each moment (each image), a
set of the fitting parameters (ie. A, B, C) of the Gaussian model is obtained thus we can
study the evolution of the concentration field by investigating the temporal evolution
of the values of these three parameters. An example of the evolution curves is shown in

Figure 5-2 for the PAAmM 0.1 wt% case.

It can be seen that the parameter A, which refers to the peak value of the concentration
field, has an exponential decay. The peak value decreases by 90% in the first 3 seconds.
The mass transferred on the cross-section of the bubble wake seems to diffuse quickly

from the point source to an infinite plane.
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On the other hand, the parameter B increases linearly with time. When the B values are

correlated with the linear function, the coefficient of determination is as high as 99%,

showing the great linearity of the evolution of the parameter B. This property is believed

to be related to the diffusion coefficient. As discussed in Chapter 2, for a total amount

of transferred mass M diffusing from a point source on an infinite plane surface, the

instantaneous concentration can be expressed as follows (for the oxygen diffusion in

this study):

[0;] = —-exp (— Y

o)

(5-1)

with r the distance from the spot center and D the diffusion coefficient.

By comparing Eqg. (5-1) and the fitting Gaussian equation, it can be found that:

B = 4Dt

(5-2)

Thus, the slope of the curve B-t (Figure 5-2-B) is equal to 4D leading to the knowledge

of the diffusion coefficient. Aside from the method introduced in Chapter2 which

deduces the diffusion coefficient from the spot area, this provides an alternative way to

estimate the diffusion coefficient from the fitting parameter B. The results by both

methods are discussed in the next Section.

In addition, the value of parameter C scatters with time because it refers to the

background noise. As expected, the parameter C can quantify the background impact,
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caused by the remaining transferred mass or the instability of the laser. However, the
majority of the values of C are between -0.1 mg/L and 0.1 mg/L, indicating the

reliability of the image recording and acquisition system.

5.3 Result of mass transfer quantification

5.3.1 Mass flux

The mass flux can be calculated from the images of the oxygen concentration field. The
images before and after the fitting with Gaussian equation are compared and shown in
Figure 5-3. As discussed in Chapter 2, the flux of the oxygen J,, [mg-s*-m?] before

fitting is regarded as a general oxygen spot that is calculated using the equation:

Up 2[0,];6%
Jo, = == (5-3)

where 52 is the area of a square pixel [m?].

For the flux after fitting, the mass flux can be estimated with the fitting parameters A

and B:

Figure 5-3 Oxygen concentration field before and after the fitting with Gaussian
equation. (Example of PAAmM_0.1 wt.%)
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To estimate the impact of the fitting process on the mass transfer determination, the
fluxes before and after fitting are calculated. The result is shown in Figure 5-4. The case
of water was chosen as the example for its wider range of flux values. Good consistency
can be seen between the fluxes before fitting and after fitting, with a deviation of less
than 5%. In other solutions, since the flux value is more stable after the bubble passing,
the deviation is even smaller, indicating that the dissolved oxygen spot on the bubble

wake is more circular and can be better characterized by Gaussian equation.
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Figure 5-4. Comparison between flux before fitting and flux after fitting
(Example of water case)

The evolution of the estimated flux (after fitting) is plotted versus time for different
fluids in Figure 5-5. For the water case, the flux increases gradually in the first zone (t
< 0.8s), which, experimentally, corresponds to the time necessary for the bubble to pass
far enough to satisfy the non-convection hypothesis. Then, while the bubble continues
to rise and the impact of the bubble passing tends to disappear in the second zone (0.8

< t < 3s), the flux value remains constant and the mathematical approach for
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determining the mass transfer is applicable in this region. After a longer time (third
zone: t > 3s), the experimental points start to scatter. This distortion is due to the broad
distribution of the oxygen and the relatively low oxygen concentration in each pixel.
Thus it is difficult to distinguish the oxygen transferred by the bubble from the
background noise, which is estimated to be in the order of 0.1 mg-L™. This evolution
result of the flux is consistent with the findings of (Jimenez et al., 2013) in the first two
zones. In the third zone, a diminution of flux was visualized in their study due to the
fixed threshold setting the limit between mass transfer and the background. This

distortion is improved since the threshold is not applied in the present image processing.

For the polymer cases, the evolution of the flux is similar to the water case. However,
the zone of increase (t < 0.4 s) is much shorter as the bubble rising velocity is lower in
the polymer media. The long-chained molecules of the polymer are thought to be
another factor that can maintain the stability of the fluid. Both factors can thus reduce
the impact of the bubble motion on the fluid. When the Breox and PAAm cases are
compared, the flux of the PAAm depends more on the concentration of the solute. For
Breox solution at a different concentration, there is no obvious difference in the length
of the first zone and the flux values of the second zone vary from 0.94 to 0.74 mg-m’
2.5 when the solution becomes denser. On the other hand, for the PAAm cases, the
length of the first zone is different for the three concentrations: it becomes shorter with
higher concentration. The flux values of the second zone decrease from 0.85 to 0.43
mg-m2-swhen the concentration increases from 0.1 wt% to 0.25 wt%. This suggests
that even a slight change of concentration will have an obvious impact on the mass
transfer in PAAm solutions. The different results for these two polymer solutions are

presumed to be related to their rheological properties.
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Figure 5-5 Evolution of the estimated flux as a function of time in different
liquids (Water, PAAmM and Breox)
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5.3.2 Diffusion coefficient

The diffusion phenomenon on the cross-section of the bubble wake for each solution
has been displayed in Figure 5-1. In order to quantify the diffusion, the profile of the
dissolved concentration fields is investigated. Since the oxygen concentration field has
a centrosymmetric distribution, only one profile containing the symmetry axis is plotted

for each moment. The profile refers to the one-dimensional Gaussian equation:
a2
[0,] (x) = Aexp— (5-5)

where the values A and B are obtained from the fitting result and the mass transfer

spot center is moved to the origin (x = 0).

. . . . . 10 .
The results of six consecutive moments with the time interval At = =S are shown in

Figure 5-6 for Breox solutions and Figure 5-7 for PAAm cases. The total mass transfer

of the spot M [mg-m™] defined by (2-36) is also given in the figures.

As discussed before, for the Breox solutions, the dissolved oxygen diffuses from the
spot center to the surroundings. The peak value of the profile drops rapidly in the first
two moments and the oxygen field tends to become uniform. With increasing
concentration of the solute, total transfer mass M increases. For the PAAm solutions, a
similar diffusion phenomenon is observed under the same concentration of solute
except that the profiles look slimmer, indicating that the mass transfer is concentrated
nearer the spot center. With the increasing concentration of the solute, the total transfer

mass decreases, unlike the transfer in the Breox cases.
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Figure 5-6 Profile of dissolved oxygen concentration fields in the bubble wake
cross sections in Breox solutions (4t=2/3 s)
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As explained in Section 2.5.3, the diffusion coefficient can be calculated from the

evolution of the partial spot area as a function of time.
Sspot = MR? = 2mnDt (5-6)

In the study, the value of n is set to 1. It has already been proved that the choice of 7
does not affect the estimation of the diffusion coefficient (Xu et al., 2017). Thus the
slope of the curve S, -tisequalto 4mD. The experimental data and the fitting curves
are shown in Figure 5-8. The result of the water case and the highest concentrations of
the two polymer solutions were chosen for plotting in order to indicate the difference
between them. It is found that all three sets of data show good linearity as the coefficient
of determination for each is higher than 95%. Moreover, the diffusion is reduced when

the polymer solute is added.

S [107" mm?]

Water
PAAM_0.50%
Breox 9.1%

0 1 2 3 4
ts]

Figure 5-8 Evolution of the spot area as a function of time

The complete results on the diffusion coefficient are given in Table 5-3, in which the
diffusion coefficient is calculated with Eq. (2-31) and Eq. (5-2). It can be seen that there

is no great difference between the results of the two methods. For both polymer
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solutions, the diffusion coefficient decreases with a higher concentration of the solute.

Table 5-3 Results for the diffusion coefficient

Concentration D by Eq. (2-31) D by Eq. (5-2)

Solution
[wt.] [10° m%/s] [10° m?/s]
Water - 1.99+0.05 2.00£0.15
2.00% 1.88+0.02 1.86x0.09
Breox 5.50% 1.50+0.02 1.48+0.06
9.10% 1.34+0.01 1.32+0.05
0.10% 1.88+0.02 1.84+0.08
PAAM 0.25% 1.77+0.02 1.78+0.07
0.50% 1.72+0.02 1.70+0.07

To investigate the effect of rheological properties on the diffusion, the result of the
viscosity and averaged diffusion coefficient for each solution are listed in Table 5-4. It
can be seen that diffusion is inhibited when the liquid media become more viscous. For
the same viscosity, the diffusion coefficient is higher in PAAm solution than that in
Breox solution and their difference tends to increase for higher viscosities. The
diffusion coefficient is plotted versus viscosity (Figure 5-9). and compared with the
work by (Dietrich et al., 2015) in which experiments were carried out to measure the
diffusion coefficient of a bubble rising in glycerol, a non-polymer fluid. As can be seen
in the figure, the diffusion is much more significant in the polymer than in non-polymer

medium at the same viscosity.
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Table 5-4 Result of the viscosity and diffusion coefficient for each solution

) Concentration y7i D
Solution
[wt.] [10°Pa-s] [10° m?/s]
Water - 1.00 2.00
2.00% 1.99 1.87
Breox 5.50% 477 1.49
9.10% 10.96 1.33
0.10% 2.75 1.86
PAAM 0.25% 3.84 1.77
0.50% 5.15 1.71
2.5
& Breox
3 E'k‘.\__\‘ PAAM
h --B---Glycerol
(Detrich et al., 2015)
= 1.5 A
NE A
s ! Y,
0.5 5
0 + v * |
1 10 100

Viscosity

Figure 5-9 Diffusion coefficient versus viscosity in different liquid media

5.3.3 Mass transfer coefficient

With the knowledge of the flux, as driven in Chapter 2, the liquid side mass transfer

coefficient k, can be calculated with the flux density J,, divided by the driving force

([02]" = [02]o):

Jo, =2 (5-7)
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_ Jo, .
kL [02]"~[02]0 (5-8)

The results are shown in Table 5-5. It can be seen that when the polymer molecule is
present, the mass transfer coefficient, k,, decreases dramatically, from 3.47 x10™* m/s
to less than 1x10 m/s. Like the mass flux, the mass transfer coefficient decreases with

the higher concentration of solute.

Table 5-5 Results for the liquid side mass transfer coefficient and the
contaminated angle

Composition k; k; Frossling k; Higbie

[wt. %] [104m-s?]  [10* m-s?] [10“4 m-s?]

Water 4.47+0.22 1.70 8.20
+ Breox 2.00 % 1.16+0.09 0.90 4.84
5.50 % 1.06+0.09 0.65 4.08

9.10 % 0.95+0.07 0.43 3.25

+PAAmM 0.10 % 1.06+0.09 0.78 4.40
0.25% 0.78+0.05 0.67 3.98

0.50 % 0.69+0.05 0.58 3.64

The experimental values are compared with the extreme cases of a clean bubble (Higbie,

1935) and a fully contaminated one (Frossling, 1938).

Kiignie = 7 (1.13Re55c%S) (5-9)
eq
Lrrassting = diq (2 + 0.66Re®%Sc%33)  (5-10)

where Sc is the Schnidt Number, defined as u;/p,D. The results are listed in Table
5-5. Our experimental results lie between these two extreme cases. This implies that
the bubble is partially contaminated, which makes sense since the water could hardly
be considered as extra pure (Alves et al., 2005) and the dye or polymer molecule also

alters the bubble contamination. It can also find that all the experimental k; closer to
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the value by Frossling model indicating that the bubble is at high contamination level.

5.3.3.1 Bubble velocity on the mass transfer

Regarding the influence of the hydrodynamics of the bubble on the mass transfer, the
velocity is reduced in polymer mainly due to the high viscosity. The Re number of the
bubble is much smaller in polymer solutions than in water so the flow field is more
stable and less turbulent that will reduce the mass transfer. To some extent, this is

believed to be the main reason for the mass transfer reduction.

On the other hand, in spite of the impact of velocity, we can estimate the mass transfer
per unit area by dividing the total transferred mass M by the bubble surface area S,
(results given inTable 5-6). As given in Chapter 2, the total transferred mass M can be

obtained by the equation:
M=mn-A-B (5-11)

It can be seen that the mass transfer per unit area for bubble rising in polymer solutions
is smaller than the result in water (33%-38% decrease in Breox and 21%-49% decrease
in PAAm). In particular, the bubble rises slower in more concentrated Breox solutions
but the mass transfer per unit area is even bigger than the result in thinner solutions.
Regarding this, the lower velocity is not the only reason why the mass transfer is

reduced in polymer solutions.
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Table 5-6 Impact of bubble velocity on the mass transfer

Composition Up M M/S,
[wt. %] [mm-s?] [10° mg-m™] [mg-m]

Water 268.54 £1.69 45.80 14.15
+ Breox 2.00 % 113.15 +£1.02 36.99 8.75
5.50 % 100.88 +1.21 49.58 8.92

9.10% 86.58 +0.71 57.61 9.36

+ PAAmM 0.10% 81.14+0.92 35.06 11.09
0.25 % 69.83 £0.77 25.90 8.38

0.50 % 62.28+0.48 24.08 7.23

5.3.3.2 Contamination effect on the mass transfer

To investigate the contamination properties, the cap angle was introduced. According
to the stagnant cap model by (Sadhal and Johnson, 1983), for a bubble whose interface

is partially covered by a stagnant layer of surfactant, a cap angle ¢, can be proposed

to denote this non-slip region as presented in Figure 5-10. Thus when @.q, = 0° the
bubble is clean and when ¢, = 180°, the bubble is fully contaminated. The cap angle

can be calculated by the normalized drag coefficient:

Cp—Cpt

* 1 . . 1 .
Cp (¢cap) = il = (Zqocap + Sln(gacap) - Sln(2§acap) - 551n(3(pcap)) (5-12)

where Cp, isthe drag coefficient of the bubble. CZ* and CJ™ are the drag coefficients

for a clean bubble and for a fully contaminated one, respectively.
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Figure 5-10 Stagnant cap model

Since the Reynolds numbers in our study are small (Re < 100), this equation is

applicable by considering the correlations of (Schiller and Naumann, 1933) and (Mei

etal., 1994):
Cim™ =22 (1 + 0.15Re%%%7) (5-13)
m _ 16 Re -
(b = Re (1 + 8+0.5(Re+3.315Re°-5)) (5-14)

The expression of the drag coefficient results from the buoyancy and drag force for an

isolated bubble rising at terminal velocity has been deduced in Chapter 4:

4 'De
Cp = ggu—bzq (5-15)

The equation above is valid for spherical bubbles. Although some bubbles in our study
were ellipsoidal, their aspect ratios were relatively close to 1. So this approach can still

be used for the contamination angle and drag coefficient calculation.

The result of drag coefficients is listed in Table 5-7. It can be seen that the drag
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coefficients for all cases have the values between the extreme values for a clean bubble
and for a fully contaminated one that is consistent with the result when the mass transfer
coefficient is compared with the models of (Higbie, 1935) and (Frdssling, 1938). With
the normalized drag coefficient, the cap angles can be deduced by Eq. (5-12). The result

is also given in the table.

Table 5-7 Results of normalized drag coefficient and cap angle

: Concentration , Pcap
Solution ] cim Cp (s (5 [°]
Water - 0.71 0.18 0.15 0.06 29

2.00% 1.33 1.19 0.54 0.81 100
Breox 5.50% 2.11 1.71 1.08 0.61 81
9.10% 3.83 2.44 2.26 0.11 39
0.10% 2.06 1.99 1.05 0.93 117
PAAM 0.25% 2.79 2.66 1.55 0.90 112
0.50% 3.56 3.47 2.08 0.94 119

It can be found that For PAAm cases, the cap angles are large which is consistent with
high contamination level. However, for other cases, the cap angles are too small
considering their relatively low mass transfer coefficients. It implies that the cap model,
which is useful to characterize the hydrodynamics around the bubble, is not quite valid
for characterizing the mass transfer to some extent. The explanation for this distortion
is that, according to the cap model by (Sadhal and Johnson, 1983), the contaminant
distributes only on the stagnant cap. Thus, for a little contaminated bubble with a small
cap angle, there is no contaminant in most part of the bubble. However, for a real rising
bubble, as depicted in Figure 5-11, away from the cap, the concentration of the
contaminant decreases gradually along the bubble surface. There are also some
contaminants outside the cap, and they will still affect the mass transfer. In this point of

view, the cap angle is underestimated.
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Figure 5-11 Cap angle and contamination on a real bubble.

In order to find a better contamination angle, from a point of view of mass transfer, a

normalized Sherwood number is Sh*(¢.,,) defined as follows:

Sh—Sh™

with the Sherwood number:
Sh = L2« (5-17)

The value Sh™ and Sh'™ can be obtained from the Higbie model for a clean bubble

and from Frossling model for a fully contaminated one.

According to the work of (Takemura and Yabe, 1999) which carried out a numerical
analysis of the dissolution process of the stagnant cap model, a correlation between

Sh* and the cap angle was proposed:

Sh=1- [1 —Cp (QDcap_rec)]O.S (5-18)

The curve of the normalized drag coefficient (left y-axis) and Sherwood number (right

y-axis) as a function of cap angle is shown in Figure 5-12.
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Figure 5-12 Normalized drag coefficient vs stagnant cap angle (Left y-axis);
Normalized Sherwood number vs stagnant cap angle (Right y-axis)

By using the mass transfer coefficient and the diffusivity measured in this study, the
rectified cap angles @4 e are calculated and given in Table 5-8. It can be found that
rectified cap angles have a better agreement with the mass transfer result from the
experiment. They are all larger than the original cap angles, especially for the water and
Breox cases. Compared with the result in water, bubbles in polymer solutions always
have a bigger cap angle. This suggests that the presence of polymer particles will
enhance the contamination of the bubble surface from the mass transfer point of view
and reduce the mass transfer. Moreover, when the concentration of the solute increases,
the cap angle decreases for the Breox solutions but remains stable at high values for the
PAAmM cases. This can explain why k; decreases less in Breox solutions than in the

PAAmM solutions when the solutions become thicker.
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Table 5-8 Results of normalized Sherwood number and rectified cap angle

Solution  €oncentration Shi sh Sh. Sh* gocas_rec
[wt.] [°]
Water - 87 228 418 0.57 101
Breox 2.00% 55 72 299 0.93 145
5.50% 50 82 316 0.88 137
9.10% 45 100 340 0.81 127
PAAM 0.10% 42 57 235 0.92 144
0.25% 37 44 224 0.97 152
0.50% 35 41 218 0.96 155

5.4 Extension to mass transfer from big bubbles

Based on the same experimental configuration, the measurement is extended for the
mass transfer from bigger bubbles (D,, = 1.5-5.5 mm) which are generated with
stainless steel needles of different calibers (0.7-1 mm, see Chapter 2). According to the
study of the bubble shapes in Chapter 4, two solutions are used in the section including
PAAmM 1 wt.% and Xanthan gum 0.1 wt.% in order to have stable bubble shapes. The
visualization results of the mass transfer near the bubbles in different sizes are shown
in Figure 5-13 for PAAm case and Figure 5-14 for the Xanthan case. The results of the
bubble shapes are also given above each image involving the equivalent diameter, the
aspect ratio and the shape parameters «, B (defined in Chapter 4). It should be noticed
that the trajectory of the bubbles in this section are almostly vertical (see Chapter 4)

and its impact on the mass transfer is not considered.
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Dgq =1.55mm Dgq =3.14mm D, =523 mm
a=1.07 a=1.098 o=115
£ =0.95 £ =0.934 £ =0.89

E=1.05 E=113 E =137

Figure 5-13 Visualisation result of the mass transfer of bubbles in different sizes
rising in PAAm solutions (1.25 wt. %).

Dy =151 mm Dgg=3.16 mm Dgqg =5.16 mm
o=1.28 o=1.45
[ =0.78 =072
E=1.23 E=153

Figure 5-14 Visualisation result of the mass transfer of bubbles in different sizes
rising in Xanthan gum solution (0.1% wt.).

For the PAAm case, when the bubble size increases, the aspect ratio has changed from
1.05 to 1.37 indicating the bubble gets more oblate. Meanwhile, the shape parameters

are basically close to 1 thus the bubble shapes change from spherical to ellipsoidal. For
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small bubble (D, = 1.5 mm), the mass transfer is concentrated at a small area in the
rear of the bubble. When the bubble enlarges, it can be seen that the profile of mass
transfer become more complex near the bubble surface. Two vortices are developed in

the bubble wake and can be clearly visualized for the biggest bubble (D,, >5 mm).

For the Xanthan gum case, there is more variation in the bubble shape. When the bubble
size increases, not only the aspect ratio changes from 0.98 to 1.53 but also the shape
parameter S decreases to as low as 0.72. According to the discussion in Chapter 4, the
small value of the parameter $ leads to tip tail of the bubble. The property can be seen
from the images (Figure 5-14) which are different from the ellipsoidal shape in PAAm
case. Thanks to this bubble shapes, the profile of the mass transfer from the bubbles in
all the investigated sizes are similar without vortices. Compared with the result of
PAAmM cases, it can be assumed that the more sharp shape can maintain the structure of

the mass transfer.

The mass transfer in the cross-section of the bubble wake is also captured. The oxygen
concentration fields are shown in Figure 5-15 for PAAm case and Figure 5-16 for the
Xanthan case with the corresponding bubble shapes. It can be seen that the mass transfer
spots on the image are circular for small bubbles in PAAm solution but when the bubble
enlarges, the mass transfer spot is no longer circular. Compared to the study by (Jimenez
etal., 2013) which has measured the mass transfer of the non-spherical bubbles in water,
the behavior of the mass transfer spot is similar to the case of the bubble in equivalent
diameter of 0.9 mm -2 mm. However, since the PAAm solution is much viscous than
water, the mass transfer spot doesn’t disperse while the mass transfer presents as two

rotating filaments in water for the bubbles in the same size (Yamamoto et al., 2008).

On the other hand, the oxygen concentration filed of Xanthan cases can maintain
approximately circular even for a very big bubble (D,, > 5 mm). This result is
consistent with the visualization images, since the mass transfer structure is quite stable

in Xanthan gum cases.
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Figure 5-15 Oxygen concentration field in the wake of bubbles in different sizes
rising in PAAmM gum solution (1% wt.).

0.5
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0.1

Figure 5-16 Oxygen concentration field in the wake of bubbles in different sizes
rising in Xanthan gum solution (0.1% wt.).

To quantify the mass transfer, the transferred mass is estimated with images of oxygen
concentration field. Since the mass transfer spot is not always circular, instead of using
the Gaussian equation, the transferred mass, M [mg-m], is calculated as the sum of the

oxygen concentrations [0,]; in all pixels on the experimental image:
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M = Z[Oz]i(gpixel2 (5'19)
where Spixelz is the area of a square pixel [m?].

The result is given in Table 5-9. There is more mass transfer for the bubbles rising in
PAAmM solutions than the ones in Xanthan gums. This is believed due to the properties
of the polymer regarding that the molecule of Xanthan gum has a longer chain and its

solutions are more visco-elastic and present as a colloid.

For the same solute, the mass transfer increase for the bigger bubbles which has a larger
interfacial area for substance exchange. Nevertheless, if we compare the mass transfer
per surface area for each case, it can be found that the small bubble has a high mass

transfer efficiency than a big bubble.

Table 5-9 Total transferred mass on the oxygen concentration field

. Deq S M M/S,
solution mm]  [mmd  [10°mgm?  [mgm’]

1.55+0.01 7.55 60.16 7.97

PAAM 1 wt.% 3.14+0.02 30.97 97.47 3.14
5.23+0.03 85.93 166.23 1.93

1.51+0.01 7.16 33.46 4.67

Xanthan gum 0.1 wt.% | 3.16%0.01 31.37 45.63 1.45
5.16+0.01 83.65 86.86 1.04

With the total transferred mass on the oxygen concentration field, the mass transfer
coefficient can be calculated and the result is given in Table 5-10. It is found that
although a bigger bubble rises faster and has a larger interfacial area, the mass transfer
coefficients in both types of solutions decreases as a function of the bubble size. This
property is different from the result in water. According to the study of (Sastaravet et
al., 2014), the mass transfer coefficient increases with the air bubble size for small
bubbles and tends to be constant for the bubble larger than 3.5 mm which is believed to

behave as fluid particles with a mobile surface (Higbie, 1935). The increase of the mass
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transfer coefficient is related to change of the bubble shape (from spherical bubble to
cap bubble) which will enhance the bubble surface oscillation. Different from the water
case, the bubbles rising in polymer solutions have a more trajectory and less shape
variation (Deq=1-5 mm) against the bubble size. This might lead to a decrease of the
mass transfer coefficient that is also found in the literature (Barnett et al., 1966;
Calderbank and Lochiel, 1964) for CO2 bubbles. Moreover, under the investigated

range, the mass transfer coefficients are smaller in Xanthan solutions than in PAAm.

Table 5-10 Result of the mass transfer coefficient

. D, Up k,
Solution . )
[mm] [mm-s?] [10“4 m-s?]
1.55+0.01 74.54 £1.02 0.74
PAAM 1 wt.% 3.14+0.02 171.61+1.21 0.67
5.23+0.03 232.16 £0.71 0.56
1.51+0.01 72.84+0.92 0.43
Xanthan gum 0.1 wt.% | 3.16+0.01 186.37 £0.77 0.34
5.16+0.01 245.66+0.48 0.32

5.5 Conclusion

Based on previous works (Dietrich et al., 2015; Francois et al., 2011a; Jimenez et al.,
2013; Xu et al., 2017), the study of the mass transfer and the diffusion phenomenon in
the wake of a bubble has been extended to aqueous polymer media here. By the
technique of Planar Laser-Induced Fluorescence with Inhibition (PLIF-1), experiments
were performed with air bubbles (D.,=1-1.4 mm) rising in various aqueous polymer
solutions (PAAm: 0.1-0.5 wt%); Breox: 2-9.1 wt%). The diffusion coefficient and liquid
side mass transfer coefficient were calculated for each case. The experimental results
have been analyzed considering multiple factors (polymer type, the concentration of
the solute, hydrodynamics of the bubble, and rheological properties of the fluid) and

compared with the literature. The several conclusions drawn from the study can be
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summarized as follows:

1. As the bubble is quasi-spherical, the transferred mass is presented as a circular
diffusion spot and the concentration field has a centrosymmetric distribution. Over time,
the oxygen diffuses from the symmetric center to the surroundings. The diffusion is
much more significant in the polymer than in the non-polymer viscous media with the

same Viscosity.

2. A new method is proposed to determine the diffusion coefficient by analyzing the
evolution of the parameter B of the Gaussian equation as a function of time. The result

is consistent with the calculations made by the previous method (Xu et al., 2017).

3. The presence of the polymer reduces the mass transfer in water (with mass transfer
coefficient dramatically decreasing from 4.47 x10™* m/s in water to less than 1x10 m/s
in polymer solutions). This is due to the low bubble velocity and the enhanced
contamination effect under our investigated condition. For the Breox solution, the
contamination angle decreases with the polymer concentration while for PAAm the

contamination effect remains high with the polymer concentration.

4. The contamination effect can be quantified by the stagnant cap model but the result
is then underestimated for the mass transfer modeling. By using the normalized
Sherwood number, a rectified contamination angle is proposed which is found more
consistent with the mass transfer result by the experiment. For the Breox solution, the
total mass transferred increases with the polymer concentration (decreasing
contamination) but the mass flux decreases due to viscous effects (decreasing slip
velocity). For the PAAm solution, the total mass transferred decreases with the polymer
concentration (higher contamination) and the mass flux decreases more drastically than

with the Breox solution.

In addition, a preliminary extension study has been carried out for measuring the mass
transfer from bigger bubbles (D,, = 1.5-5.5 mm) in two types of solutions (PAAmM 1

wt.% and Xanthan gum 0.1 wt.%). The impact of the bubble size and the deformation
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of the bubble shape on the mass transfer is investigated. Compared the visualization
result of the PAAm cases with Xanthan ones, it is found that the sharp bubble shape
(with a more pointed tail of the bubble) can maintain the structure of the mass transfer.

The mass transfer coefficients are smaller in Xanthan solutions than in PAAm solutions

and the smaller bubble (D., =~1.5 mm) has a higher mass transfer efficiency than

bigger bubbles.
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The study on the gas-liquid mass transfer is of great significance since the realization
of the control of the mass transfer rate is very critical for many chemical and biological
processes. With the development of the experimental equipment, new techniques by
using optical instruments and soluble dyes are developed which are capable to visualize
and quantify local gas-liquid mass transfer. However, the mechanism of the gas-liquid
mass transfer is still required further investigations, especially for mass transfer in the
complex fluids (e.g. non-Newtonian fluids, polymer solutions, etc.). For this purpose,
this Ph.D. manuscript has implemented an experimental investigation of single air
bubbles rising in water and various polymer solutions (Breox, Polyacrylamide (PAAmM)
and Xanthan gum) which can simulate the property of the sewage and have a wide
application in the industry (Duran Quintero, 2015). It is found that the presence of the
polymer molecules will affect bubble hydrodynamics (velocity, bubble shape,
interfacial area), as well as the total transferred mass and diffusion from bubble to the
liquid, leading to a reduction of the mass transfer rate. The detail conclusions can be

summarized in the following aspects:

Firstly, three visualization techniques: Planar laser-induced fluorescence (PLIF, dye:
fluorescent resorufin), PLIF with Inhibition (PLIF-1, dye: ruthenium complex), and
colorimetric techniques (dye: pink resorufin)) are compared focusing on their
application to characterize the mass transfer around a single rising bubble in a column.
The experimental setup and procedure for different techniques are basically the same
except that the colorimetric technique is carried out without the laser. Once a single
bubble is injected, the images of mass transfer and the movement of the bubble are
captured by the two-camera system (CCD camera and high-speed camera). While the
hydrodynamic results of the bubble are obtained with the high-speed camera, the

images from the CCD camera are used for mass transfer characterization, based on a

192



Conclusions and Perspectives

calibration which establishes the relationship between the gray level on the image and
the actual dissolved oxygen concentration. To calculate the diffusion coefficient, the
probability density function of the chi-squared distribution in statistics is introduced to
describe the diffusing oxygen concentration field. It found that the ratio between the
oxygen diffusing within the specific area Sy, and the total transferred mass M refers
to the diffusion coefficient. The diffusion coefficient can thus be determined from the
slope of the curve S, as a function time. To calculate the mass transfer coefficient,
it is assumed that, when the bubble has passed far enough from the investigated plane,
the convection induced by the bubble passing or the convection can be neglected. Thus
the oxygen is transferring only within the cross-section of the bubble wake and the
transferred mass equals to the sum of the oxygen concentrations in all pixels on the
experimental image. With the bubble velocity and surface area of the bubble, and the

driving force measured by the probe, the mass transfer coefficient can be determined.

According to the result of the bubble rising in water, it is found that the PLIF and
colorimetric technique with resorufin are both effective for tracking the local mass
transfer. However, these two techniques cannot be used to characterize the oxygen
diffusion process. The reason is that these two techniques are based on the tracking of
a different molecule (resorufin) instead of the oxygen molecule. Regardless of the
relatively rigorous treatment to remove the noise in the image background, PLIF-I is
more accurate for the quantification of the diffusion coefficient and mass transfer
coefficient. For the above reason, the PLIF-I technique is selected for the study to

characterize the mass transfer in polymer solutions.

Secondly, based on the same experimental configuration, various single air bubbles (Deq:
0.7-7 mm) rising in stagnant non-Newtonian fluids (polyacrylamide, Xanthan) have
been investigated by high-speed photography and image post-processing technologies.
To characterize the bubble shape, an innovative model is proposed, which used

parametric equations and contains the aspect ratio (E) and two shape parameters (a, /).
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Within the range investigated here (-9<log Mo<-7), the bubble shapes in PAAM
solution cover the spherical bubble and the ellipsoidal bubble regime while, in Xanthan
gum solutions, the range of Mo is bigger (-9<log Mo0<3), and the data covers not only
spherical and ellipsoidal bubbles but also prolate and teardrop ones. Compared with the
bubble shapes in Newtonian fluids, the aspect ratio of the bubble can be smaller than 1,
indicating the appearance of an elongated bubble. To predict the aspect ratio, although
it is still mainly related to the inertial force (for big oblate bubbles), simply considering
one factor or one dimensionless number is insufficient. The aspect ratio of the bubble
depends not only on the different forces applied to the bubble but also on the rheological
properties of the fluid. An empirical correlation is then obtained for the aspect ratio by
considering all the influencing factors, which are denoted by Tn=We Ta:n. Moreover,
the shapes of the bubbles from spherical to inverted teardrop can be characterized with
good accuracy by adjusting three specific parameters (E, a, ). The parameter «
correlates with the parameter by a power-law function. It is also found that the cusp
of the bubble (quantified by p) is related to the viscoelasticity as well as the shear-thing
level of the solutions. A correlation of parameter £ is obtained with the Deborah number
(De, EOtvos number (Eo) and the shear-thinning index n. Along with the other
correlations and the bubble equation, a complete system is established for bubble shape
characterization and prediction, which will provide new ideas for future studies on

bubble hydrodynamics.

Thirdly, the mass transfer and the diffusion phenomenon in the wake of a bubble in
aqueous polymer media have been investigated by the PLIF-I technique. The
experiments have been performed with air bubbles (D.,=1-1.4 mm) rising in various
aqueous polymer solutions (PAAm: 0.1-0.5 wt. %; Breox: 2-9.1 wt. %). It is found that
as the bubble is quasi-spherical, the transferred mass is presented as a circular diffusion
spot and the concentration field has a centrosymmetric distribution. Over time, the
oxygen diffuses from the symmetric center to the surroundings. The diffusion is much

194



Conclusions and Perspectives

more significant in the polymer than in the non-polymer viscous media with the same
viscosity. The presence of the polymer reduces the mass transfer in water (with mass
transfer coefficient dramatically decreasing from 4.47 x10* m/s in water to less than
1x10* m/s in polymer solutions). This is due to the low bubble velocity and the
enhanced contamination effect under our investigated condition. For the Breox solution,
the contamination angle decreases with the polymer concentration while for PAAm the
contamination effect remains high with the polymer concentration. The contamination
effect can be quantified by the stagnant cap model but the result is then underestimated
for the mass transfer modeling. It is not sufficient to simply use the effect of rigid or
mobile bubble interface to explain the reduction of the observed mass transfer in
polymer solutions. By using the normalized Sherwood number, a rectified
contamination angle is proposed which is found more consistent with the mass transfer
result by the experiment. For the Breox solution, the total mass transferred increases
with the polymer concentration (decreasing contamination) but the mass flux decreases
due to viscous effects (decreasing slip velocity). For the PAAm solution, the total mass
transferred decreases with the polymer concentration (higher contamination) and the

mass flux decreases more drastically than with the Breox solution.

Finally, an extension study has been carried out for measuring the mass transfer from
bigger bubbles (D,, = 1.5-5.5 mm) in two types of solutions (PAAmM 1 wt.% and
Xanthan gum 0.1 wt.%). The impact of the bubble size and the deformation of the
bubble shape on the mass transfer is investigated. Compared the visualization result of
the PAAm cases with Xanthan ones, it is found that the sharp bubble shape (with a more
pointed tail of the bubble) can maintain the structure of the mass transfer. The mass
transfer coefficients are smaller in Xanthan solutions than in PAAm solutions and the
smaller bubble (D, =~1.5 mm) has a higher mass transfer efficiency than bigger

bubbles.
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Perspective

The following perspectives have been identified to improve the understanding and the

mechanism of the mass transfer of freely rising bubble.
1. Impact of the surfactant on the mass transfer

One of the interesting extensive research is on the surfactant impact. A tentative result
IS obtained (Table C-1) for the mass transfer of single bubbles rising in solutions
containing the surfactant: Triton (X-100, linear formula: t-Oct-CsHa-(OCH2CH2)xOH,
x= 9-10, Sigma-Aldrich, USA). It is found that the presence of the surfactant molecule
will reduce the bubble rising velocity and the mass transfer coefficient. When the
surfactant is added into the polymer solutions, the mass transfer is further inhibited with
a mass transfer coefficient about 10 times lower than the value in pure water case.
Further investigation has been launched by the Ph.D. student Gaélle LEBRUN in the
laboratory (2018-2021).

Table C-1 Impact of the surfactant (20 mg-L™) on the result of mass transfer

Solution [2‘:1] [mrlmlql-)s-l] [10'4kr:1-3'1]
Pure water 1.44 321 1.89
Pure water + Triton 141 164 0.35
Pure water + PAAmM 0.1% 1.55 74 0.74
Pure water + Triton+ PAAmM 0.1 %wit. 1.74 120 0.23

2. Extension to large bubbles with complex shape and multiple bubbles

Due to the rheological property of the complex liquid phase (e.g. polymer solution in
this study), the large bubbles can present more complex shape instead of spherical or
ellipsoidal bubbles. Although the mass transfer has been investigated for bubbles with

slight deformation, it is interesting to extend the study to characterize the mass transfer
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phenomena of bubbles in more complex shape like tear-drop. Particle image
velocimetry (P1V) can be used to investigate the flow field around the bubble (B6hm et
al., 2016), which may give rise to a deep understanding of the impact of the
hydrodynamics of the bubble (e.g. negative wake, vorticity, strain, etc.) on the mass
transfer. In addition, it is also significant to study the mass transfer phenomena of
multiple bubbles by taking account of the impact of bubble interactions and coalescence

(Lietal., 2001; Sun et al., 2017).
3. Three-dimensional characterization of the mass transfer

Since the bubble has a good reproducibility of the bubble shape and trajectory in the
investigated polymer solutions, it is possible to implement a three-dimensional
characterization of the mass transfer. By taking images of multiple cross-sections of the
mass transfer of the bubble, the mass transfer can be reconstructed that will be useful

to study mass transfer in more complex structure (Huang and Saito, 2017b).
4. Mass transfer visualization by coupling PLIF with colorimetric technique

Based on the investigation in Chapter 3, the resorufin molecule can be used as both
colorimetric dye and fluorescence dye. Thanks to this property, the experimentation
coupling the PLIF technique with the colorimetric technique can be driven to visualize
the mass transfer in two aspects: near the bubble surface and in the bubble wake. The
experimental setup is shown in Figure C-1. This configuration adopts the advantage of
each technique that there is no reflection around the bubble surface and clear mass

transfer spot in the bubble wake.
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Figure C-1 Experimental setup for the experimentation coupling the PLIF
technique with the colorimetric technique

5. “Two-color” method

Regarding the experimental configuration, in order to reduce the reflection effect
around the bubble surface, one promising solution is “two-color” method (Kovats et al.,
2018; Lacassagne et al., 2018). The principle is based on the application of a specific
dye or two dyes that the fluorescent light emitted at two different wavelengths while
the one emitted light for quantification and the other one used as a reference. Dividing
the first wavelength intensity field by the second one, the heterogeneous excitation
effects can be corrected. This method may improve the image quality leading to a better

characterization of the mass transfer in complex media.
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