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Resumen

La motivacion para desarrollar esta investigacion fue el poco nimero de estudios que se han
hecho para conocer los efectos hidrodindmicos en los elementos de una dispersion de
caracteristicas similares a los sustratos usados en fermentaciones liquidas. El objetivo es el
estudio de la hidrodindmica que se produce en un recipiente cilindrico utilizando un impulsor
Scaba agitado a un nimero alto de Reynolds (i.e. Re = 24,000) y a un consumo de potencia
volumétrica de P/V; = 0.46 W-m™. Mediante mediciones de velocimetria de imégenes de
particulas (PIV por sus siglas en inglés) se determinaron el campo vectorial de la velocidad, el
campo de vorticidad y la tasa de disipacién de energia turbulenta que permitieron conocer los
efectos que se producen en los elementos de una dispersion. La magnitud de la velocidad se
encuentra en el rango 0.05 m s'<v<05ms’ y la maxima fluctuacién de la velocidad en el
centro del flujo del impulsor es v’ ~ 0.45m s™". En el seno del liquido, el campo vectorial de la
velocidad da evidencias de la formacién cldsica de dos remolinos caracteristicos para el flujo
de impulsores radiales. Estos remolinos representan zonas de baja presiéon y sugieren la
segregacion de los elementos en dispersion. En el centro del flujo del impulsor se forman dos
vértices de la misma magnitud (0.1 s™) pero con rotacién en sentido opuesto. El nimero de
flujo que se produce pare este impulsor es Ny = 0.46. Este pardmetro, que puede compararse
con el que reportan otros trabajos, explica el bombeo que se produce en el interior del liquido
y que favorece la suspension de la biomasa y la inmersién de las fases que por su baja

densidad tienden a escaparse de la fase continua.

Los elementos usados en la dispersién son parte de fermentaciones liquidas; i.e. aire, aceite de
Castor o biomasa (aglomerados de hongo), a bajas concentraciones (menos del 1% v/v), se
dispersaron en agua (uno a la vez). Se tomaron videos de alta velocidad como evidencia in situ

a tiempo real de la dindmica de eventos como la formacién de estructuras filamentosas
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viscosas, el alargamiento de los elementos y las inestabilidades desarrolladas por los
filamentos de aceite que son expulsados por el impulsor debido a la intermitencia de la
intensidad del flujo del impulsor. Hasta ahora, la produccién de filamentos no se ha
documentado para tanques agitados; el desarrollo de proceso se identific6 como la primera
etapa de la dispersion del aceite y ocurre antes que se formen las gotas y que éstas saturen el
sistema. Se propone una descripcion del mecanismo de cuatro etapas para explicar la
fragmentacion de los elementos de la dispersion. Esta hipétesis se basa en el hecho de que el
flujo que descarga el impulsor es altamente turbulento y contiene la mayor tasa de disipacion,
la velocidad fluctuante y su vorticidad influye en el rompimiento de las gotas de aceite, las

burbujas de aire y los agregados de hongo.

Las gotas de aceite se rompen mads facilmente que las burbujas de aire debido a la relacién que
hay en la tension interfacial (i.e. ,_,,/0,_,,= 3.4). El didmetro promedio correspondiente a
las burbujas de aire es de ds;.4;,, = 1.82 mm. El tamaifio de las gotas de aceite es menor y la
precision de su determinacion requirié que se hicieran mediciones en dos perspectivas; en una
vision global y en una zona local situada cerca de la pared del tanque. El didmetro promedio
para las gotas de aceite es de d3;.0; = 0.94 mm en estado estacionario. El didmetro promedio
permitio la estimacion del érea interfacial especifica, i.e. para el sistema agua-gas auir_p,0=
548 m’! y para el sistema agua-aceite ap;.p.0 = 64 m’'. El coeficiente global de transferencia

de masa para la dispersién de gas-liquido fue k;a = 0.007 s™'.

El equilibrio entre las fuerza inerciales, de superficie y de tensién determinan la ruptura o la
recuperacion de los elementos mientras que el nimero adimensional de Weber define la
ruptura o la estabilidad, el cual estuvo en el intervalo de 0.15 < We < 3 para las burbujas de
gas y 0.2 < We < 4 para las gotas de aceite. Los valores mds grandes corresponden a la zona
en el flujo del impulsor, mientras que los valores mds pequefios corresponden a los
alrededores. En el flujo que descarga el impulsor, la méxima tasa de disipacion de la energia
de turbulencia es &, = 18 m> s'3, mientras que en la vecindad de la pared del tanque € = 0.6

2
ms3.
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Abstract

This research was motivated by the scarce studies reported in the literature for the
understanding of the hydrodynamic effects in the elements of a dispersion containing the
substrates used in liquid fermentations. The goal of this work is the study of the
hydrodynamics produced in a cylindrical vessel using a Scaba impeller agitated at high
Reynolds number (i.e. Re = 24,000), with a volumetric power consumption of P/V; = 0.46
W-m™. The flow patterns and the turbulent flow properties like the velocity vector field, the
vortex field and the turbulent energy dissipation rate were determined from the particle image
Velocimetry measurements (PIV), which were useful for the understanding about the effects
produced in the elements contained in dispersion. The velocity magnitude are in the range of
the 0.05 m s’ <v < 0.5 ms” and the maximum velocity fluctuations are in the core of the
impeller flow v’ ~ 0.45m s™. In the liquid bulk, the velocity vector field evidences the
formation of two classical eddies featuring the flow of radial impellers. These eddies represent
low pressure zones and suggest the segregations of the elements in dispersion. In the core of
the impeller flow two vortices of the same magnitude (0.1 s™) but rotating in different senses
are formed. The pumping number produced by the impeller is Ny = 0.46. This parameter,
which can be compared with those values reported by other authors, explains the pumping
produced inside the system that keeps the biomass in suspension as well as the immersion of

the low density phases whose tendency is to become separated from the continuous phase.

The elements set in the dispersion are part of liquid fermentations; i.e. air, Castor oil or
biomass (fungus pellets), at low concentration (less that 1% v/v), were dispersed in water
(once at time). High-speed video recordings were taken to have evidences in situ in real time
of the dynamic events like the formation of the viscous filamentous structures, the fluid

elements stretching and the instabilities exhibited by the oil filaments expelled from the
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impeller due to the periodicity of the intensity of the impeller flow. Until now, the filament
generation and breakage has not been documented in stirred tanks; this process was identified
as the first stage of oil dispersion and happens before oil drops form and saturate the system. It
is proposed a description to explain a four-step mechanism by which the elements in the
dispersion are fragmented. This hypothesis is supported by the fact that the flow located in the
impeller discharge is highly turbulent and contains the major dissipation rate and its velocity

fluctuations and vorticity influences breakup of oil drops, air bubbles and fungus pellets.

Oil drops are more easily fragmented than air bubbles due to the ratio in the interfacial tension
(i.e. 04_w/0o_y = 3.4). The corresponding mean diameter for the air bubbles is d3 4, = 1.82
mm. The oil drops size is lower and its accurate determination required measurements in two
perspectives; a global view and a local zone located near the tank wall. The mean diameter for
the oil drops is d3-0i; = 0.94 mm in the steady state. The average perimeter for the fungus
pellets was 2.1 mm after stirring for 5 hours. The mean size allowed the estimation of the
specific interfacial area, i.e. for the gas phase ay;r—p,0= 548 m”  and for the oil phase agi;-
mo = 64 m”.  The overall mass transfer coefficient for the gas-liquid dispersion was k;a =

0.007 s\,

The equilibrium between the inertial, superficial and tensile forces determines the
fragmentation or recoiling of the elements, while the dimensionless Weber number, which
defines the rupture or the stability, was found between 0.15 < We < 3 for the gas bubbles, and
0.2 < We < 4 for the oil drops. The largest values for the Weber number correspond to the
zone of the impeller flow, while the smallest values correspond to the surroundings. In the
impeller flow, the turbulence energy dissipation rate iS &pu = 18 m’ s"3, while in the

neighborhood of the tank wall € ~ 0.6 m”s™.
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Re’sume’

La motivation derriere cette recherche provient d’une lacune en connaissances des effets
hydrodynamiques au sein d’une dispersion formulée avec des substrats utilisés en
fermentation liquide. L’objectif de ce travail de recherche est I’étude de I’hydrodynamique a
I’intérieur d’une cuve de mélange munie d’un agitateur Scaba pour un nombre de Reynolds
élevé (Re = 24,000). La consommation de puissance volumétrique est P/V; = 0.46 W-m™. A
partir des mesures obtenues avec la technique de velocimetrie par des images de particules
(PIV acronyme en anglais), les champs de vitesse permettent de calculer les propriétés de la
turbulence comme le champ de vorticité et le taux de dissipation de 1’énergie turbulente pour
mieux comprendre les effets produits a ’intérieur les éléments dispersés. L’amplitude de la
vitesse est 0.05 m s < v < 0.5 m s’ et la fluctuation maximale de la vitesse au cceur de
Iagitateur est »” ~ 0.45m s™'. Le champ de vitesse dans la phase liquide met en évidence la
formation de deux tourbillons caractéristiques des écoulements produits par les agitateurs
radiaux. Ces tourbillons représentent des zones de basse pression qui ségrégent les éléments
de la dispersion. Dans I’écoulement situé au cceur de 1’agitateur, deux vortex de méme
amplitude (0.1 s) sont produits, mais de direction inverse. Le nombre de pompage de cet
agitateur est Ny = 0.46, le quel peut étre confronté aux valeurs reportées par d’autres auteurs,
explique le pompage créé a I'intérieur du volume liquide qui provoque la suspension de la
biomasse et 'immersion des phases moins denses qui ont tendance a se séparer de la phase

liquide.

Les éléments inclus dans la dispersion font partie des fermentations liquides; par exemple,
I’air, I’huile de castor ou la biomasse (copeaux ou petites pelotes de champignons), a de
faibles concentrations (moins de 1% v/v), ont été dispersés dans 1’eau (un a la fois). Des

vidéos hautes vitesses ont été enregistrées pour expliquer la dynamique de formation des
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structures filamenteuses visqueuses, 1’étirement des éléments et les instabilités provoquées par
I’expulsion de filaments d’huile qui sont causé par les fluctuations de D’intensité de
I’écoulement provoquées par le mobile d’agitation. A ce jour, aucun travail n’a documenté la
génération et la rupture de filaments en milieu agité. Ce processus est la premicre étape dans
le procédé de dispersion et précede la formation de gouttes d’huile qui par la suite sature le
systtme. Dans ce travail, un mécanisme en quatre étapes est proposé pour décrire la
fragmentation des éléments de la dispersion. Cette hypothese est soutenue puisque
I’écoulement directement provoqué par I’agitateur, hautement turbulent, dissipe la majorité de
I’énergie. De plus, les fluctuations de vitesse et les vortex présents influencent la

fragmentation des gouttes d’huile, des bulles d’air et des copeaux.

Les gouttes d’huile se sont divisées plus facilement que les bulles d’air a cause du ratio entre
les tensions interfaciales (i.e. o,_,,/0,_,,=3.4). Le diametre moyen correspondant aux bulles
d’air est dsp.4;» = 1.82 mm. La taille des gouttes d’huile est plus petite et la mesure précise de
sa taille a nécessité une mesure dans deux perspectives différentes; une compléte et une
seconde proche la paroi du réservoir. Le diametre moyen des gouttes d’huile est d3;-¢; = 0.94
mm en état stationnaire. Le diametre moyen a permis I’estimation de la surface interfaciale,
par exemple pour le systeme eau-gaz ayir_p,o = 548 m™ et pour le systéme eau-huile apip.0

=64 m™. Le coefficient de transfert de masse de la dispersion eau-air est kza = 0.007 s,

L’équilibre entre les forces inertielles et la tension de surface détermine le sort des éléments :
soit leur division ou leur récupération. Le nombre adimensionnel de Weber indique la division
ou la stabilité. Il a été obtenu 0.15 < We < 3 pour les bulles d’air et 0.2 < We < 4 pour les
gouttes d’huile. La plus grande valeur des intervalles correspond a la zone d’expulsion de
I’agitateur, tandis que la plus petite valeur correspond au restant de la cuve. Le taux de
dissipation de I’énergie turbulente au cceur de 1’agitateur est &, 18 m’ s”, tandis qu’il est de €

~ 0.6 m® s™ au niveau de la paroi.
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Figure 4.4 (a) Gray-scaled images of the pellets in agitation taken at #; 57
= 15 min, #, = 60 min and ¢, = 300 min after the agitation
process started and (b) the corresponding PDF to compare
the pellet perimeter in the three cases.

Figure 4.5 Free body diagram showing the presence of the forces acting 59
in a stirred tank.
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Figure 4.6 Turbulence energy dissipation rate in the impeller flow 60
discharge.

Figure 4.7 Schematic representation of the process of object size 62
reduction (1) A large object enters the high shear region. (2)
The large object deforms and elongates. (3) The large object
fragments. (4) Two objects of smaller size are produced.

Figure 5.1 (a) A typical image of the sequence obtained on-line for the study 65
of the oil-water dispersion in a stirred tank. (b) Map to compare
the drops size and the instantaneous velocities for each drop that
crossed the zone in 0.4 s. (¢c) Scheme to explain the droplet
distribution visualized in the map. Symbols: z for the axial
coordinate, r for the radial coordinate, @ for the angular coordinate
and @ for the tangential orientation.

Figure 5.2 Probability density function (PDF) versus the (a) drop 66
diameter and (b) instantaneous velocities for individual oil
droplets. Measurements were made in a local region at Re =

24,500.

Figure 5.3 Overlapped images captured in dispersions agitated in 68
different regimens: (a) Constant viscosity continuous phase.
(b) Non-Newtonian dispersion (CMC solution).

Figure 5.4 Contour maps for the velocity magnitude and vector field for 69
the oil phase in the planes: (a) 8z and (c) rz. Streamlines for
the oil phase velocity in the plane: (b) z8 and (d) rz.

Figure 5.5 (a) Contour map for the velocity fluctuation (v’,;;) and vector 71
field for the oil phase. (b) Turbulence energy rate dissipation
(e0i1) experienced by the oil phase.
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INTRODUCTION

Dispersions are a kind of systems where several phases are in contact, by interacting between them
and promoting mass and heat transfer. Dispersions of different nature are very common elsewhere.
In the environment, pollutants are dispersed in the air due to pressure and temperature gradients.
Water bodies like rivers or lakes are typical examples of wild dispersions. In industry, dispersions
are commonly produced in stirred tanks. The elements of major interest to disperse are solid
particles, gases or immiscible liquids. The mass transfer process is favored if the size of the
elements in the dispersion is reduced as much as possible. For this purpose, several agitators have
been proposed like Pitched Blade Turbines, Rushton turbines and Scaba impellers. Such impellers
are usually operated in the turbulent regime, producing radial or axial flow and promoting inflow
or outflow depending on the rotation sense. The use of baffles is needed to avoid the formation of

vortex cavities and to pass from merely flow to vertical pumping.

The hydrodynamics produced in stirred tanks has been the center of many works, especially for
single phase flows. Several authors have analyzed some macroscopic variables; for instance, they
have focused in the measurement the power consumption, the effects of the impeller design, the
effects of the rotational speed, mixing and circulation times, or the geometrical relationships
between the impeller and the vessel. A number of works dealing with the comparison of the

hydrodynamics produced by different type of impellers has been reported in the literature.

Advanced computational models have been developed to understand the flow field in the laminar,
transitional of turbulent regimen. In these works, authors have tried to explain the flow behavior of
certain in stirred tanks by using several concepts, which complicate the experimental work, for
instance, the stretching efficiency, shear stress, shear rate or the particle tracking. Although the
modeling of dispersed phases increases the number of equations and requires longer computational
times, they have described the cavities formed in aerated flows, or the dispersion of the gas phase.
Numerical models have been experimentally validated by using techniques based on the

monitoring of radioactive particles, or the light reflected by brilliant trackers.
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Several experimental techniques such as Laser Doppler Anemometry (LDA), Laser Doppler
Velocimetry (LDV), Particle Image Velocimetry (PIV) or Nuclear Magnetic Resonance (NMR)
have been used to determine velocity fields and the turbulence properties such as velocity
fluctuations, vortex fields or the turbulence energy dissipation rate. Such properties explain the
nature of the flow and play an important role in the elements of the dispersion; for instance, mixing
at micro-scale, coalescence, vorticity, stretching, and fragmentation. Visualization techniques are
useful tools recently applied in the study of dispersions. Photographic techniques have been used
for exploring the flow behavior of dispersions at real time. It has been possible to determine the
size of the fluid elements and other phenomena like the formation of complex drops, where phase

inversion takes place.

Even though literature is vast for the study of single phase flows, the exploration of multiple-phase
flows stills scarce. Fermentation processes are a special case of multiphase systems, because a gas
phase, an oil phase, biomass and other substrates are dispersed in water. The physical properties of
the organic phase used in biochemical processes are very different to those liquids already reported
in the literature; for instance, they discuss with frequency aromatic oils or silicone oils. Such fluids
are not used as substrates in fermentations processes; moreover, the viscosity of these liquids
diverges from the viscosity of the organic liquids used in fermentation processes. Furthermore,
they have studied oil-water dispersions at steady state; once drops are formed. The process where

drops are formed is not documented.

This research exposes the formation of filamentous viscous structures and proposes the mechanism
through which drops form and break. The present study deals with the stirring of a two-phase
dispersion produced in a cylindrical vessel using a Scaba impeller agitated at high Reynolds
number (i.e. Re = 24,000). Air, Castor oil or biomass (fungus pellets) were dispersed in water

(once at time).

The organization of this work is divided into six chapters distributed as follows.

The first chapter presents a brief summary of the previous research concerned with the study of the

hydrodynamics generated in stirred tanks; it compares those works found in the literature prepared

for radial or axial impellers and highlights the most common variables of interest and the
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techniques utilized. As mentioned above, this chapter concludes that few works deal with the

hydrodynamics study of those phases used as substrates in liquid fermentations.

The second chapter describes the experimental setup as well as the operating conditions and

procedures followed along the study.

The third chapter presents the results obtained from the experimental work, basically the flow
patterns, determined from PIV measurements, in the liquid bulk. Turbulent flow properties like the
velocity fluctuation, the vorticity field and the turbulence energy dissipation rated are described. It
is also described the possible relation of such variables with the formation of filamentous
structures, which were registered with high speed video recordings. It was found that the flow
located in the impeller discharge is highly turbulent, so as a consequence it contains the major

dissipation rate.

The fourth chapter describes the rupture mechanism experienced by air bubbles, fungal clusters
andoil drops. Velocity fluctuations and the vorticity field produce breakup of oil drops, air bubbles
and fungus pellets. The evolution of the size of such elements is compared and the effect of the
inertial, the interfacial and the fungal tensile forces are explored through the dimensionless Weber
number. This parameter is defined as the ratio of the inertial forces to the superficial forces, which
is useful to determine the elements stability or rupture. At the end of the chapter, it is proposed an
explanation to describe the fragmentation mechanism in agreement with the turbulent flow
properties. The turbulence energy rate dissipation was estimated using the dimensional analysis as

a parameter involved in the mass transfer process in the micro-scale.

Chapter five was dedicated to describe the hydrodynamics generated in a small local region located
in the neighborhood of the tank wall, where the impeller flow loses influence. Visual recordings
were obtained using a magnification lens to explore small drops dimensions, which are difficult to
consider in the global perspective. The flow structure in this zone is compared for two different
rheological conditions. PIV measurements in this zone were made directly with the light reflected

by the oil phase and produced the turbulence flow properties of the flow in this zone.

Conclusions, future work, bibliography and the appendix are presented in the final part of this

thesis.
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This chapter explores the background concerned with the study of mechanically agitated systems.
Fermentation liquid cultures are described by, considering these systems as a complex model of
multiphase systems produced in stirred vessels. Several tools applied in the study of the
hydrodynamics produced in agitated systems are mentioned, such as numerical simulations and
visualization techniques. The most common variables monitored in published works are listed and
the nature of turbulence is revisited considering its large influence on agitated dispersions. A
comparison of those contributions related with the hydrodynamics of axial or radial impellers is

presented. The objective of this research is mentioned at the end of this chapter.

1.1 Study of multiphase systems

Multiphase systems are present everywhere, they are part of the wild wonders, they have a
diversified nature but they still unexplored- Emulsions called our sense attention since childhood and

they surprise us for all our life:

1.1.1 Multiphase systems

Dispersions are conformed by a liquid phase enriched with gas, solid particles or another non-
miscible liquid. Since men started to elaborate their meals, paintings or potions they tried to mix
immiscible phases. Nowadays, dispersions are commonly produced in stirred tanks and they part in
many industrial processes such as pharmaceutics, biochemistry and food processing, among others.
The energy supplied through the agitator induces a stretched flow, promotes the size reduction of
the dispersion components, improves its distribution and promotes their contact (Armenante and
Huang, 1992). Although dispersions offer good transfer of mass and energy, they are

thermodynamically unstable and sometimes the use of surfactants is advised.

The mass transfer process is promoted by stirring, and depends on the physical properties of the
fluids involved, temperature, pressure, concentration, agitation regimen, superficial gas velocity
and the configuration of the reactor. The dispersion process of two non-miscible liquids, such as oil
dispersed in water, or the dispersion of a gas phase in water is not trivial due to several factors,

such as the density differences, low water capacity to dissolve the gas phase, the hydrophobic

5
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behavior and buoyancy. Part of these difficulties is overcome by increasing the agitation regimen
because the inflow generated by the impeller maintains such phases submerged and the flow forces
promote both dispersion and fragmentation. The mass transfer process between the fluid elements
and the continuous phase is a function of the gas content (hold-up), the oil fraction, the size
distribution of these elements, the velocity at which they are transported and the good dispersion in

the liquid bulk.

The gas-liquid mass transfer process is a limiting step in many biochemical processes. Some
authors have studied the gassed-flow patterns in stirred vessels (Aubin et al., 2004; Khopkar et al.,
2006; Bhattacharya et al., 2007; Jahoda et al., 2009), but the treatment of the mass transfer

variables like the bubble size and the gas-liquid mass transfer coefficient were not exposed.

The Two-film theory predicts the overall mass transfer in gas-liquid dispersions (kza). This theory
considers the two mass transfer coefficients: kg and k;, for the gas phase and for the liquid phase,
respectively. Both coefficients are defined for their respective diffusion within the film thickness
depending upon the nature of the flow conditions, see Fig. 1.1 (Dumont and Delmas, 2003).
However, the gaseous transport resistance (1/k¢) is negligible compared with the liquid transport
resistance (1/k;), which considers only the mass transfer liquid film coefficient k;, in the mass
transfer analysis. The volume-related liquid-side mass transfer coefficient (k;a) relates the kg
coefficient with the area available for the mass transfer process (a), which is determined by the size
of the gas particles (dp). Several methods have been proposed to determine the k;a (Zhao et al.,
1994; Zlokarnik, 2001; Alves et al., 2004; Zieverink et al., 2006; Clarke and Correia., 2008). Some
methods are based on the extraction of samples, others have considered empirical equations
correlated with the power input per unit volume and the gas superficial velocity; however, these
methods discard the influence of certain factors like the size of the fluid elements in the dispersion.
The use of such techniques may result in inadequate quantification of the particle sizes, except in
the case of pure and dilute liquid-liquid systems. Photographic methods overcome in part, this

weakness (Galindo et al., 2000).
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Figure 1.1. Scheme of the mass transport process in a gas-liquid system according to the Two-film
theory.

1.1.2 Fermentation broths, complex multiphase systems

Fermentations carried out in bioreactors are an excellent example of multiphase systems. The
number of products obtained by liquid fermentation has been considerably increased in the last
decades; bacterial, insect, fungus, mammalian or plant cells as well as several multi-cellular
microorganisms are growth in-vitro and in-liquid cultures. The products of interest include
bioinsecticides, drugs, proteins, enzymes, vitamins, recombinant cell metabolites and many raw
substances required in the human health care, fine and bulk chemicals, pharmaceutical, food,

textiles, pulp and paper, minerals or energy sectors (Demain, 200).

A typical culture consists of collecting together a small fraction of nutritive substrates (solid phase)
and a volume percentage of an organic oil (non-miscible liquid phase) in water or saline solutions,
then, the microbial organism is inoculated. A stream of a gas phase is supplied (for example, air or
pure oxygen in the case of aerobic organisms), then, the agitation speed and temperature are both
controlled. The culture maturity is reached in periods that last up to 20 days (Sanjuan-Galindo,

2008). Fig. 1.2 shows a scheme of a fermentation process in a batch bioreactor.
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Figure 1.2. Performance and main features of liquid fermentations in stirred tank.

The study of the hydrodynamics in fermentations becomes complicated due to the heterogeneity of
the phases, because they are thermodynamically unstable and because of the changeability of their
rheological properties. To overcome the difficulty of such factors, the hydrodynamics of
fermentation broths has been studied in simplified model dispersions (Benchapattarapong et al.,
2005; Guevara-Lopez et al., 2008). Several experimental or numerical reports are available for
solid-liquid, liquid-liquid or gas-liquid dispersions (see Table 1 at the end of this chapter);
however, they have used components, such as glass beads, silicon oils or petroleum products,
which are not demanded as fermentation substrates and whose physicochemical properties are

different.
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1.2 Hydrodynamics in stirred tanks

Stirring is an ancient unifying process- Man has practiced mixing since immemorial times for having
fun or in the preparation process of his meals, drinks or formulas- Industry demands improved
knowledge in mixing more and more; however, just few decades ago they started to study the

stirring hydrodynamics-

1.2.1 Experimental and numerical studies on stirring

The flow regime produced in a stirred tank is determined from a dimensionless quantity, expressed

by the Reynolds number (Ec. 1.1). This scalar magnitude relates the inertial forces (pN d,z) with

respect to the viscous forces (u):

Nd,?
Re =~ ul (1.1)

where p refers to the fluid density, N refers to the impeller speed and d; referes to the impeller
diameter. Depending on the impeller type, the flow around the impeller is still laminar typically for
Re < 10, and stagnant away from it; there is a wide transition region between the laminar and the
turbulent flow defined for the range 10 < Re < 10%; fully turbulent flow is developed for Re > 10*
(Sajjadi et al., 2002). Gas dispersions produced in stirred tanks are possible only in turbulent

regimes (i.e. Reynolds higher than 10,000) (Cooke et al., 2005).

Early research concerned with the hydrodynamics produced in stirred vessels was focused to know
the influence of the impeller-tank geometric parameters such as the ratio of the impeller diameter
to the tank diameter, the impeller type, the bottom clearance, the number of agitators, the direction
of the impeller rotation, the presence of baffles and the tank bottom shape (Murthy et al., 2007,
Vakili and Esfahany, 2009). The performance of the Rushton turbine (a radial impeller) and the
pitch blade turbine (PBT) (an axial impeller) have concentrated the major discussions, especially

for single-phase flows (as shown in Table 1 at the end of this chapter).
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The study of macroscopic variables such as power consumption, pumping capacity and pumping
efficiency has been estimated to assess the mixing performance or the influence of a gas flow rate
(Li et al., 2005, Khopkar et al., 2005). The recording of variables like temperature, solute
concentration, pH or color homogenization has served to estimate the mixing time or the
circulation time (Zwietering, 1958; Bourne et al., 1981; Amanullah et al., 2004). The impeller
rotation speed has been studied experimentally and numerically to know the total dispersion of
solid particles (Bao et al., 2005; Murthy et al., 2007). Furthermore, important advances have been
also obtained for the mixing of Newtonian or Non-Newtonian fluids (Cooke and Heggs, 2005;

Montante et al., 2005).

Computational Fluid Dynamics (CFD) is an advanced tool to study the stirring performance. CFD
is based on the resolution of the Navier-Stokes equations. This technique allows modeling the flow
patterns and it is useful to predict variables like the pumping capacity, power consumption,
circulation time, mixing time, the stretching efficiency, the mean shear rate and, monitoring the
clusters migration or the pathlines of massless tracers (Table 1) (Sanjuan-Galindo et al., 2011).
Some of these variables are difficult to be estimated experimentally. CFD is a very good option to
simulate the scaling-up of the lab mixing performance to pilot and industrial scales; besides, it
results a cheap technique to compare several mixing conditions. Numerical models have been also
applied in the study of Newtonian or Non-Newtonian fluids but the modeling of multiphase

dispersions is computationally expensive (i.e. too many equations and large CPU time).

The flow patterns produced by radial impellers are well known. Campolo et al. (2003) described
the trajectories of tracer generated by a Rushton turbine at Re = 48,000, and Rivera et al. (2004)
reported the formation of two segregated zones symmetrically for Re = 18. Cooke and Heggs
(2005) determined that the Scaba impeller produces higher axial flow than the Rushton impeller
and Kovdcs et al. (2001) concluded that the Scaba impeller draws less power in comparison with
the Rushton turbine. Attempts to model gas-liquid dispersions were made by Khopkar er al.
(2006), Lane et al. (2002) and Kerdouss et al. (2006) while solid dispersions were simulated by
Fradette et al. (2007). The modeling of liquid-liquid dispersions stills scarce (Laurenzi et al, 2009),

hence, more experimental work is required.

10
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1.2.2 Nature of turbulence

Turbulence is difficult to be defined exactly, but the nature of turbulence has been described by
several authors (Mathieu and Scott, 2000; Roberts and Webster, 2002; Tsinober, 2009). Turbulent
flows are strongly diffusive, they exhibit strongly enhanced transport processes of momentum,
energy, passive objects (scalars: heat, salt, particles of gradients of passive scalars). Turbulent
flows also present rapid diffusivity and high levels of fluctuating vorticity. Visual features of

turbulence are shown in Fig. 1.3.

Figure 1.3 (a) Supersonic sound free-shear flows (Freund et al., 2011) and (b) Symmetrical wake

structure behind two uniformly rotating cylinders (Kumar et al., 2011).

Turbulent flows are chaotic and non linear, they are developed completely in three dimensions and
are time and space dependent with random fluctuations. Turbulent flows are statistically
irreversible and unpredictable; however, it is fruitful to consider statistical properties for the study
of turbulent flows, which have reproducible information (i.e. turbulence intensity) (Sharp and
Adrian, 2001, Roberts and Webster, 2002). The turbulent intensity characterizes time-fluctuating

flows; it is defined as the mean squared of the velocity fluctuations (Mathieu and Scott, 2000).

1

v’ ={vZ}? (1.2)

The influence of turbulence has not been fully addressed in events occurring in the dispersion
elements inside stirred tanks; for instance, the bubble or drop elongations, deformation or
breakage. Velocity fluctuations increase efficiently the momentum and heat transport, which
results more effective than molecular diffusion. Antecedents of the fluid-elements breakage

occurring in fully developed turbulent flow (Re = 66,000) in a straight pipe were presented by

11
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Andersson and Andersson (2006), who compared the number and size of the fragments that result

from the rupture of a viscous drop or a gas bubble.
1.2.3 Energy dissipation in turbulent flows

Kolmogorov’s theory postulates that motion in turbulent flows exists over a broad range of length
and time scales. Turbulence produced at high Reynolds numbers produces numerous eddies at
different scales. The major part of the turbulent energy is contained in the largest scales, although
these eddies are insensitive to the viscosity they are unstable and feed the energy to the smaller

eddies via cascade, and so on, until viscosity becomes important at the smallest scales (Mathieu

and Scott, 2000). Schematically:

Kinetic energy of the mean flow

l

Kinetic energy of large scales

l

Energy flux through small scales

l

Dissipation by viscosity

At the smallest scale of a turbulent flow, the rate of dissipation of turbulent kinetic energy ()
dominate processes like collisions rate, mass transfer, cellular activity, cell damage, mass transfer,
mixing and particles fragmentations (Villermaux, 1988; Ducci and Yianneskis, 2005). The energy
dissipation rate is a property independent on the fluid viscosity, it depends on the velocity
fluctuations as well as the integral scale (/). For instance, € < v’ 311,

According to the Kolmogorov’s theory, the energy of the smallest eddies is directly converted into
heat due to viscosity, the scale at which it happens is known as the Kolmogorov micro-scale of

turbulence (7): it combines the dissipation rate (¢) and the kinematic viscosity (v = u/p):

V3
A= <?> (1.3)

12
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Turbulent flows exhibit two regimes: Turbulent inertial and Turbulent viscous. In the former one,
dispersed elements are larger than the smallest turbulent eddies and deform under the action of the
fluctuations of the hydrodynamic pressure (Fig 1.4a). In the second case, dispersed elements are
smaller than the smallest turbulent eddies and, therefore, deform under the action of viscous stress

inside and between the eddies (Fig 1.4b).

©)

(a) (b)

D
NS

Figure 1.4. (a) Turbulent inertial regime. (b) Turbulent viscous regime. (Vankova et al., 2007).
1.2.4 Vorticity

Turbulent flows are characterized for having vorticity, which measures the rotation of a fluid
element (Wu et al., 2006). High Reynolds flows are also featured by vorticity, this property
deforms fluid elements and influences breakage. Few studies have been conducted under the
conditions here tested (i.e. liquid-liquid phases, turbulent regime and rotational agitation

condition). Vorticity is computed according to

w=VX7 (1.4)

1.3 Flow visualization in stirred tanks

Visualization simplifies our understanding of phenomena described by fluid mechanics-

1.3.1 Flow visualization techniques

13
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Some useful techniques are used to visualize and investigate the flow structure in stirred tanks,
namely: Laser Doppler Anemometry (LDA), Nuclear Magnetic Resonance (NMR), Computer-
Automated Radioactive Particle Tracking (CARPT), among others. In such techniques, fine optical
registers are obtained from brilliant or radioactive small trackers that follow the flow faithfully
(Khopkar et al., 2005; Li et al., 2005; Pakzad et al., 2008; Kamankhan, 2009). Particle Image
Velocimetry (PIV) is another visualization technique used frequently for the study of the flow
fields in stirred tanks. PIV provides multi-point instantaneous measurements of the velocity field
that leads the estimation of the turbulence intensity, the vorticity field or the energy dissipation
rate, etc. (Sheng et al, 2000). In most of the cases, the techniques just mentioned have been limited
to visualize single phase flows. In a recent study presented by Laurenzi et al. (2009), PIV was used
to compare the flow properties of a single phase flow and a liquid-liquid dispersion in a stirred

tank.

Suitable in situ descriptions of dispersions containing up to four phases (including the water phase)
have been achieved applying images analysis (Galindo et al., 2005). The technique has allowed the
study of low concentrated dispersions in small regions close to the tank wall. Image analysis has
been used to determine and compare the drop diameters and the instantaneous displacement of

drops in a local region (Taboada et al., 2006; Guevara et al; 2008).

1.3.2 Visualization of viscous structures and drops in stirred tank

Until now, the study of oil dispersions produced in agitated vessels has been limited for a stage
where the process reaches a quasi-steady state; for instance, once the drops sizes compared in a
Probability Density Function (PDF) exhibit unimportant changes (Zhou and Kresta, 1998a; Lovick
et al., 2005). However; the mechanism occurred in the early time of the process has received less
importance; in this stage, oil viscous structures and filament-like shapes are formed. The present

work discusses more about it.

Viscous filaments can be described as time-dependent fluid threads moving into a surrounding
fluid; the phenomenon is known as tangential separation and it is present in many day to day
activities, for instance, honey threads falling in air into a piece of bread. One of the first theories is

the Plateau-Rayleigh instability, which consists of undulations produced by capillary effects. Other
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studies have described confined filaments (Hagedorn et al., 2004), the effects of gravity, inertial or
viscous forces as well as phenomena like folding, bending, coiling and rupture produced by
viscous forces were reported by Ribe (2004) and Duclaux et al. (2006). Eggers and Villermaux
(2008) summarized other perturbations like the transition from dripping to jetting, a coflowing
liquid stream, and the effect of the velocity differences between the filament and its surroundings.
Yarin (1997) reported a computational study, in which the dynamics of stretched vortex filaments
exposed to shear flow was described. External flow, gravity or axial forces elongate threads and
their cross-area becomes reduced heterogeneously causing longitudinal rearrangements or
breakage (Oliveira and McKinley, 2005). In a recent work, Shingho and Umemura (2010) studied
in detail the influence of the vortices in the drop generation in an atomization process. Nonetheless

the wide background, filaments produced in a stirred tank remain unexplored.

1.4 Summary of the literature survey

1.4.1. Comparison of previous works

Table 1 summarizes the works reported in the literature dealing with the hydrodynamics in stirred
vessels by using axial or radial impellers without considering chemical reaction kinetics. It is
noticeable the amount of works published for single phase flows. The performance of pitched
blade turbines (PBT) and Ruston turbines has been classically studied, particularly to understand
the hydrodynamics of stirred vessels in terms of macroscopic variables such as the power
consumption and mixing times. The application of CFD or visualization techniques like PIV has
allowed improve the knowledge of flow structures, the turbulent flow properties and the vorticity
fields. Indeed, the influence of these flow properties has not been entirely investigated as

determinant factors to improve the product quality and the scaling-up of fermentation process.

Although there is a wide research concerned in the hydrodynamics of gassed flows in stirred tanks,
few contributions have been produced to deep more in the mass transfer process. On the other side,
the quantification of oil drop size has been the main objective of numerous publications but there is
a lack of knowledge in the early stage of a dispersion process; before drops saturate the system.

The hydrodynamics of the castor oil as a dispersion component has not been reported until now.
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Summarizing, more advances are needed to know more about the hydrodynamics of fermentative

liquid cultures.

In the present work the flow patterns, the turbulent flow properties and the vortiticy fields
generated by a Scaba impeller (a radial discharge impeller) have been obtained looking to explain
their influence on the dispersion mechanism of three elements: an immiscible viscous liquid, a gas
flow and biomass as a solid phase. Castor oil, used as second liquid phase, is an organic substrate
required in liquid fermentations. Evidences of viscous structures like filaments are analyzed as a
part of the dispersion process. Such detailed visualization has not been reported up to date, at least
for the particular case of stirred tanks. The techniques used were PIV and high-speed video

recordings.

1.5 Objective

To investigate the influence of the flow fields in the dispersion process of non-miscible phases

under turbulent conditions in stirred tank.
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Table 1. Comparison of the published works prepared to investigate hydrodynamics in stirred tanks in single or multiple phases agitated with
radial or axial impellers.

Rheology
of the
Impeller continuous Reynolds number Methods
type Variables discussed Phase (s) phase (=) utilized Reference
ﬁnxll)zlugfw Velocity field, turbulent flow properties Liquid phase Newtonian Undefined CFD Sahu et al., 1998
Water-oil dispersions Video camera Sajjadi et al., 2002
No specified Drop size distribution, phase inversion 1 QIS Newtonian 320 connected to an optical Jjadi et at.,
(aromatic oil) R
microscope
Hydrofoil Flow field and turbulence energy dissipation Liquid phase Newtonian 40x10° PIV Baldi and Yianneskis,
rate 2003
ﬁ;ﬁ‘;ﬁf“”e Flow field Liquid phase Newtonian 4.55x10°< Re < 2.5x10° LDA and CFD Li et al., 2005
Marine Solid dispersion Newtonian and a
prop cller and Effect of the 1mp cller t){p ¢ anq the sqhds . (for the solid phase: glass shear-thinning Re<3 C.FD gnd P hotographic Fradette et al., 2007
Helical concentration in the solid particles dispersion . visualization
. beads) fluid
Ribbon
Impeller Effects of the geometrical features on the flow ;54 hace Newtonian 1.3x10* < Re < 11.4x10* CFD Vakili and Esfahany, 2009
blades field.
Disk and Flat ~ The minimum agitation speed to have a Heptane or mineral oil Armenante and Huan
blade turbines ~ complete dispersion of the immiscible liquid P . Newtonian 1.7x10* < Re < 13x10* Dispersion sampling &
dispersed in water 1992
and PBT. phase
. . . . Oil dispersions . 3 3 High speed video .
PBT Multidrops formation and phase inversion . . . Newtonian 37x10" < Re < 47x10 . Pacek and Nienow, 1995
(aromatic and silicon oils) recordings
PBT Turbulence dissipation rate Liquid phase Newtonian 10x10° PIV Sheng et al., 2000
PBT Velocity fields, up and down pumping effects ~ Gas-liquid dispersion Newtonian 45%10° PIV Aubin et al., 2004
Newtonian and
PBT Tracer concentration, Mixing variables Liquid phase pseudoplastic 2.5x10° < Re < 10x10° CFD Montante et al., 2005
fluids
PBT Velocity fields, gas hold-up distribution Gas-liquid dispersion Newtonian 20x10° < Re < 60x10° CFD Khopkar et al., 2006
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PBT

PBT

PBT

PBT, Paddle
type, Rushton,
Marine
propeller

PBT

Rushton

Rushton

Rushton

Rushton

Rushton,
PBT, HE3
and Fluidflow
turbine

Velocity fields, turbulent kinetic energy,
dissipation of kinetic energy.

Velocity field, minimum impeller speed for
the onset of surface aeration (Up and down
pumping), effects of the impeller clearance,
the baffle geometry and liquid properties

Velocity field, mixing time, gas dispersion
and the time evolution of the tracer’s
concentration.

The effects of the impeller type and position
in the mean size of air bubbles.

Influence of the solid phase concentration in
the turbulence levels, the turbulent kinetic
energy and dissipation rate.

Sauter mean diameter and drop size
distribution, effects of the viscosity and
interfacial tension

Drop size distribution and coalescence
frequencies , effects of the impeller rotational
speed

Velocity fluid measurements.

Sauter mean diameter and drop size
distribution

Drop size distribution and minimum drop size
as function of the type of impeller, the
impeller rotational speed and the energy
dissipation

Liquid phase

Liquid phase and surface
aeration

Gas dispersions

Air in water

Solid-liquid dispersions
(for the solid phase: Soda-
lime glass spheres 1000pum
sized)

Qil in methanol solutions
(Silicone oil)

Oil in water
(aromatic oils)

Liquid phase

Oil in water
(aromatic oil, 0.5 % v/v <@
<10 % v/v)

Oil in water
(silicone oil,
¢©=0.03 % vv)

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

47.5%10°

480 < Re < 130x10°

4.6x10*

7 x10°< Re < 26x10°

30x10°

14x10°% < Re < 83x10°

30%x10° < Re < 60x10?

39%x10° < Re < 46x10°

16x10° < Re < 45x10°

42x10° < Re < 144x10°

Angle resolved PIV
measurements

LDV

Conductivity
measurements and
CFD

High speed camera and

CFD

FPIV

Photographic system

Flash
photomicrographic
system

LDA

Video recordings

LDA and PDPA
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Khan et al., 2006

Bhattacharya et al., 2007

Jahoda et al., 2009

Martin et al., 2008

Unadkat et al., 2009

Wang and Calabrese, 1986

Coulaloglou and

Tavlarides, 1976

Shoot and Calabrese, 1995

Pacek et al., 1998

Zhou and Kresta, 1998a
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Rushton,
PBT, HE3
and Fluidflow
turbine

PBT, Rushton
and Scaba

PBT and
Rushton

Rushton

Rushton

Rushton

Rushton

Rushton

Rushton

Rushton

Drop size distribution as function of time, the
type of impeller and the impeller rotational
speed

Comparison of the gas holdup up- and the
down-pumping mode. Estimation of the mass
transfer.

Effects of the impeller type and other
geometrical parameters in the velocity profiles
for single phase of in the presence of solids or
gas, as well as the critical impeller speed for
the solid suspension

Effects of the temperature (23°C to 60°C) and
the impeller speed in the drop size.

Floculation of colloidal particles, effects of
the pH, agitation speed, particle size and
electrostatic forces

Root mean square (rms) velocities, vorticity
and energy dissipation in the impeller tip

Flow profile, holdup, bubble diameter,

Flow structures, Poincaré maps

Flow field, vortex structures, energy rate
dissipation.

Velocity field, velocity fluctuant gradients,
Reynold stress and turbulent energy
dissipation,

Oil in water
(silicone oil)

Air dispersions

Gas-liquid, solid-liquid and
gas-solid-liquid dispersions
(for the solid phase: glass
and quartz particles)

Styrene dispersed in water.

Solids in water
(Polymer particles)

Water

Gas in water

Glycerine-water mixture

Liquid phase

Water

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

35x%10° < Re < 80x10°

45x%10° < Re < 75x10°

2.5%10° < Re < 5.2x10°

20%10° < Re < 58x10°

8x10° < Re < 17x10°

4,580

33x10*

20 <Re <200

4x10°

15%10° < Re < 40x10°

Aerometric PDPA

Liquid level and power
consumption
measurements

CFD

Laser diffraction.

Light-scattering

PIV

CFD

CFD and Fluorescent
dye visualization

CFD and PIV

PIV
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Zhou and Kresta, 1998b

Sardeing et al., 2004

Murthy et al., 2007

Chatzi et al., 1991

Chin et al., 1998

Sharp and Adrian, 2001

Lane et al., 2002

Zalc et al., 2002

Yoon et al, 2003

Baldi and Yianneskis.
2004

19



Rushton

Rushton

Rushton

Rushton

Rushton

Rushton and
PBT

Rushton

Rushton

Rushton

Rushton

Rushton

Rushton

Rushton

Rushton and
CD-6 impeller

Rushton

Flow macroinstabilities (low frequency mean
flow variation)

Breakup, coalescence and phase inversion

Energy dissipation

Drop size distribution, effects of the rotational
impeller speed and the oil fraction.

Turbulent flow features.

Velocity patterns, power and pumping
numbers and the mixing times,

Mixing variables.

Flow field, gas holdup, bubble size
distribution.

Silicon oil drop size distribution

Gas-liquid mass transfer

Flow field, gas hold-up, prediction of the gas
cavities and the effects of the impeller speed
and the gas flow rate.

Velocity field, trailing vortices, turbulent
kinetic energy dissipation and shear strain rate

Bubble size distribution, velocity field.

Velocity field, power consumption, the local
bubble size, the mass transfer coefficient k;a,
the bubble size distribution, the DO evolution.

Mixing time influenced by object inserted in
the vessel

Liquid phase

Oil in water
(silicone oil)

Water

Oil in water
(aromatic oil, 10 % v/v < @
<60 % v/v)

Liquid phase.

Liquid phase.

Liquid phase

Gas dispersion
Silicon oil with different

viscosities dispersed in
water

Gas liquid dispersions

Gas dispersions

Water

Gas-liquid dispersions

Gas-liquid dispersions

Liquid phase

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

20%x10° < Re < 30x10?

12 < Re < 6x10*

20x10° < Re < 40x10?

24x10° < Re < 39x10?

30%x10°

46.7x10°

40x10°

71x10°

2.1x10* < Re < 3.6x10*

2.2x10° < Re < 3.3x10°

1.4x10°

40x10°

2.0x10* < Re < 4.6x10*

8.6x10* < Re < 28.6x10*

10

CFD

No specified

Two point LDA

High speed video-
endoscopy and Optical
reflectance

CFD

CFD

CFD

CFD

Video recordings

CFD and DO
measurements

CFD

PIV

CFD, image processing

and two-phase PIV

CFD

Photographs
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Hartmann et al., 2004

Nienow, 2004

Ducci and Yianneskis
2005

Lovick et al., 2005

Alcamo et al., 2005

Mostek et al., 2005

Yeoh et al, 2005

Kerdouss et al., 2006

Podgoérska,. 2006.

Laakkonen et al., 2007

Scargiali et al., 2007

Xinhong et al., 2008

Montante et al., 2008

Gimbun et al., 2009

Takahashi and Motoda,
2009
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Rushton

Rushton

Rushton

Rushton

Rushton and
Scaba

Rushton

Scaba

Hydrofoil and
Scaba

Scaba and
Rushton

Scaba

Effects of the dispersion components in the
flow pattern. Estimation of the impeller speed
at which the drops appear below the impeller
and where the oil is completely dispersed

Bubbles size distribution, bubble and flow
velocities distribution, flow velocity field

Turbulent flow properties, toluene mother
drops breakage

Size and velocity of the gas bubbles, flow
velocity field.

The influence of the impeller type on the flow
structure and scalar transport

Axial profiles

Flow pattern, turbulent kinetic energy profiles
and the gas holdup

Effects of the impeller configuration, impeller
speed and the solid concentration in the gas
holdup and the power consumption

Gas dispersion (flooding-loading)

Velocity fields and mixing caverns

Oil in water
(aromatic oils,
¢0=1%vW)

Air in water

Oil in water
(Oil: toluene)

Air in water

Liquid phase

Liquid phase

Liquid phase and gas-liquid
dispersion

Gas, and a solids dispersed
in water For the solid phase;
Polypropylene beads

Gas-liquid and air-solid-
liquid dispersions

Liquid phase

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Newtonian

Power law fluid
(0.4 % CMC
solution)

Pseudoplastic

1.2x10* < Re < 3.1x10*

49,000

57%x10°

49x10°

10x10*

45x10°

7.2x10* < Re < 42.4x10*

309 < Re < 3456

3 <Re<8l1

Images capture, PIV
and CFD

CFD, PIV combined
with Back lighting,
digital masking and
fluorescent tracer
particles

CFD and a
Photographic method

CFD and PIV

CFD

PIV measurements and
CFD simulations

Visual observations
and liquid level
measurements

High speed video
recordings

UDV and CFD
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Laurenzi et al, 2009

Kamankhan, 2009

Maal et al., 2009

Zamankhan, 2010

Revstedt et al., 2000

Khopkar et al., 2004

Bao et al., 2005

Cooke and Heggs, 2005

Pakzad et al., 2008

Abbreviations: CFD, Computational Fluid Dynamics; DO, Dissolved Oxygen; LDA, Laser Doppler Anemometry; LDV, Laser Doppler
Velocimetry; PBT, Pitched Blade Turbine; PDPA, Phase Doppler Particle Analyzer; PIV, Particle Image Velocimetry; FPIV,

Fluorescent Particle Image Velocimetry; UDV, Ultrasonic Doppler Velocimetry.

21



CHAPTER 2

Materials and

methods



Rene SANJUAN-GALINDO

This chapter provides the information concerned with the substances used in the dispersion,
describes the setup where the experiments were made, details the image capture process and the

equipment employed, and references the equations valid in the data processing.

2.1 Studied dispersions

2.1.1 Liquid-liquid dispersion

Distilled water (pg.0 = 1,000 kg m'3, M0 = 1.0 mPa s, surface tension op,0 = 72 mN m'l) was used
as continuous phase and Castor oil (¢ = 1% v/v, poi = 960 kg m> , Hoir = 560 mPa-s, gp; = 39 mN
m™) as the dispersed viscous phase. The viscosity ratio of the oil to water was 550. The interfacial
tension between the oil and water is o,.,, = 21 mN m™! at 20°C (Fisher et al., 1985). In the

beginning of the experiments the oil was suspended on the surface of the water.

2.1.2 Gas-liquid dispersion

The gas flow was supplied from a 4 mm diameter pipe placed in the bottom of the tank, aligned
with the center of the impeller disk. The superficial gas velocity v; is defined as follows (Cooke et
al., 2005):

Vs = % (2.1)

For a volumetric gas flow rate Q; = 0.5 L/min, vg was 0.002 m/s. The interfacial tension between
the air and water is g,.,, = 72 mN-m™ at 20°C. Warmoeskerken and Smith (1985) introduced two
concepts to define the condition of dispersed gas in a stirred tank. The first one, flooding, refers to
the regime in which there is an axial flush of gas through the impeller plane up to the liquid
surface. Loading is the second one, it happens when the agitator pumps the gas into the impeller
wall. The impeller performance to avoid flooding by radial impellers was evaluated by Cooke et al.

(2005), by describing two dimensionless numbers: the "g" force and the Froude number Fr. Both

parameters will be defined in section 2.5.
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2.1.3 Gas hold-up
The gas hold-up (€) is gas fraction dispersed in the liquid (Zlokarnik, 2001), which is computed by
considering the height of the gassed liquid (Hy) and the height of the ungassed liquid (H):

(2.2)

For the conditions tested in this study, the hold-up was € = 0.17.

2.1.4 Biomass-liquid dispersion

Fungus pellets are amorphous clusters of single cells. Fungus cells and its metabolites are
industrially produced to obtain organic acids, antibiotics and recombinant enzymes. Edible fungus
pellets of Pleurotus ostreatus CP50 —a widely distributed cultivar for commercial mushroom
production- were used as a dispersed biomass; the strain was isolated by the “Colegio de
Posgraduados™ Puebla and the fungus pellets were produced in the pilot plant of “Instituto de
Biotecnologia”-UNAM following to the procedure detailed in Tinoco et al. (2011). Fresh biomass,
harvested from the fermentation broth and kindly donated by R. Tinoco, was washed with cold
water several times to remove the remains of the culture, thereafter the fungus pellets were
separated by gravity. 20 ml (0.02 % v/v) of the washed pellets were put in the tank and filled with
water. The system was stirred during 5 hours at Re = 24,000; along this time several samples were
taken to determine the influence of the flow pattern in the pellet size. The samples were diluted and
photographed using a Finepix sl photo camera (pro Fujifilm) with an AF micro Nikkor 60 mm
1:2.8D lens (Nikon, Japan). Thereafter, the images were analyzed to compare the pellets size
accordingly to the following procedure: the pellet size is very heterogeneous with amorphous

shapes, therefore that pellets were treated as an ellipse shape (Fig. 2.1 a and b). Two orthogonal

radii were measured in each pellet. Then, the ellipse perimeter (p) was approximated by

(2012 % ) 23)

P a”( L@yt 2i-1
i=
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where a and b refer to the major and the minor radius of the ellipse (Fig. 2.1c¢), respectively; e is

an eccentricity term defined as e = a™! - /(a? — b?), Eq. 2.3 was computed until i = 5.

(a) (b) pellet shape
characterization

2 mm

ellipse
shape

Figure 2.1. Procedure for the analysis of the fungus pellet shape (the bar length equals 2 mm). (a)
A real image showing the fungus pellets. (b) Characterization of the pellet shapes as regular

ellipses. (c) Major (a) and minor (b) radius of the ellipse considered for the perimeter estimation.

The perimeter of about 300 pellets was computed for each condition in order to have enough data
to compare the evolution of the pellet size. The objective of this work discards monitoring any
biological activity and exclusively the hydrodynamic phenomenon is considered; the results are

discussed in section 4.1.5.
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2.2 Experiment setup

2.2.1 Mixing equipment

Experiments were conducted in a cylindrical tank made in glass having an inner diameter of 7' =
0.135 m and flat bottom. The liquid volume was V; = 1 L and four standard width baffles (7/10)
were equally spaced and fixed inside the tank. A Scaba impeller of diameter d; = 0.5T composed
by a thin disc and six half-tube blades was used. The shape and dimensions for the tank-impeller
system are shown in Fig. 2.2a. The rotational impeller speed was fixed to N = 5 s (300 rpm). The
impeller location from the tank bottom is ¢ = 0.5H, where H is the liquid level. To avoid the
optical distortion produced by the cylindrical tank walls, a square jacket filled with water was
employed. All experiments were conducted at room temperature (22 °C) and no surfactants were

added.

2.2.2 Power consumption

The specific power consumption was estimated from the torque produced when the impeller rotates
and the tank rests in a frictionless surface (Ascanio et al., 2004). For the Reynolds number
considered in this study the specific power was P/V; = 0.46 W-m™. It is well documented that the
power consumption in mixing systems agitated with the Scaba impeller is not altered by the

presence of gas flows (Cooke and Heggs, 2005).
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Figure 2.2. (a) Geometry and main dimensions of the impeller (mm), scheme not to scale. (b) Top view of the setup used for the capture of

high-speed video and PIV. Nomenclature: 7, tank diameter; d;, impeller diameter; ¢, bottom clearance and H, liquid height.
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2.3 Video recordings and velocity measurements

2.3.1 High speed video recordings

Image sequences of the dispersion were obtained using a high-speed CCD camera (Redlake
Motion Pro HS-4) with an AF micro Nikkor 60 mm 1:2.8D lens (Nikon, Japan). The video
recordings were made for a half vertical plane assuming vertical symmetry. The setup was
illuminated with a back source of light, using a 300 Watts incandescent filament and a diffuser. All
videos were taken at 400 frames/s and images size of 512 x 512 pixels, which corresponds to an
area of 60 cm”. A sketch showing the region recorded with the high-speed camera is shown in Fig.

2.2b.

2.3.2 PIV measurements

The velocity fields for a single vertical plane were obtained with a Particle Image Velocimetry
system (PIV), which consists of a digital camera Megaplus, Model ES 1.0 (Roper Scientific MASD
Inc.) and a AF Micro Nikkor 60 mm 1:2.8 D lens (Nikon, Japan). The laser light is a Solo Il PIV
(New-Wave) with a frequency of 15 Hz and a wave length of 532 nm (green light). The
experimental arrangement is also shown in Fig. 2.2b. Laser pulses were synchronized with the
impeller rotation and the camera recordings (phase looking). The Flow manager software from
Dantec Dynamics was used to control the system and to process the images. Silver coated glass
hollow spheres of 10 um were used as light reflective tracers. The velocity fields were obtained
with a standard cross-correlated technique considering 32x32 interrogation windows, with an
overlap of 50%. A total of 1,000 pairs of images were processed to obtain the average velocity
field (v). The time step between photos was 300 ms. Moving average and filter validations were

applied to the resulting fields.

2.4 Reduced scale visualizations

2.4.1 Individual drops visualized with high speed video
The instantaneous velocity for the individual droplets was measured in a region located near the
tank wall. The area of study in this region is about 6 mm? The setup was rearranged as shown in

Fig. 2.3a. Images were captured using an 11x magnification. The droplets appearing in the
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sequence of 2,000 images were manually measured using the Image-Pro® Plus software (version
5.2, Media Cybernetics, USA) which allows tracing manually oil drops as circular objects. The
diameter of about 300 droplets was measured twice in two consecutive frames, those
measurements with an error larger than 10% were discarded. To gain accuracy, only those well

focused objects were selected.

Impeller
(a) Drop
pathline
Tank
wall w\
Recording .

High
speed
camera

(b)

Main flow direction

Figure 2.3. (a) Experimental setup to investigate the instantaneous displacement for the individual
oil droplets. (b) Circles traced with a continuous line represent the initial droplet position (t;) and
pointed circles represent the droplet position at t,. Symbols: v, X, and ¢ represent the velocity
vector, the position vector and time, respectively. r,@and z represent the radial, the angular and the

axial coordinates, respectively. 6 represents the tangential direction.

Only well focused drops were measured and those ones appearing bad defined were not
considered. The droplet position in two times is differentiated with a continue line for the initial

time (¢;) and with a dashed line for the final time (#;). The position vector for the droplet center was
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defined as X = f (x,z). AX represents the droplet displacement in the time interval (At = 0.19 ms)

. . AX
and the velocity vector was estimated as v = e

2.4.2 PIV measurements for the oil phase

PIV measurements were obtained for the same local region in which the light scattered by the oil
phase was monitored instead of using brilliant tracers. A similar procedure to follow oil reflectance
was applied by Laurenzi et al. (2009), who used tetradecane as the dispersed phase. As Figure 2.4
shows, the PIV camera and the laser shoot were oriented to study the average velocity in the planes
identified as 0z and rz, located near the tank wall and aligned with the impeller disk, respectively.

The plane rz is oriented in the same direction of the main direction of the impeller discharge flow.

The area of study in each plane was about 5 mm®.

—
~
T——

Plane rz

Plane 0z

H ! <
g L=
i i
T Impeller
flow
g:
T w

Figure 2.4. Orientation of the normal planes (rz and 6z) to investigate the local hydrodynamics.

r

2.4.3 Streamlines
Streamlines are defined as vector lines tangent to the velocity of the flow. They can be computed

as follows:

dx; dx;
S (2.4) for iorj=r,mz if i#j
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2.5 Variables of study

2.5.1 Pumping characterization
The pumping flow number (N,) was calculated from the velocity field as a criterion to assess the
stirring performance (Rivera et al., 2009). Based on the flow direction N, can be defined by means

of the following expression:

Qk

=—, for k=12 2.5

for this equation, d; and N were defined above, Q; = v - dA is the volumetric flow and dA is the
differential of the cross-sectional area normal to the flow. This area was computed in two different
ways: (1) for the radial flow (Q,), A = 2mrz and, (2) for the axial flow (Q,), A = mr?; in these
equations, 7 is the impeller radius and z is an axial dimension related to the impeller blade width.
Considering the axial and radial velocity components, the global pumping number was estimated

using:

NQ = ’NQ.,-Z + NQZZ (26)

2.5.2 Turbulence intensity

The turbulence intensity was computed by

v' ={v? }% (1.2)

where 1?2 is the mean square spatial velocity fluctuation.

2.5.3 Vorticity

The vorticity field was computed as the rotational of the mean velocity:

w=VX7 (1.3)
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2.5.4 Sauter diameter

The Sauter diameter (d3,) was introduced by J. Sauter in 1926 as the ratio of the sum of volumes
of the spherically shaped fluid objects (air bubbles or oil droplets) to their surface area (Zlokarnik,
2001):

1y d3

G2 =eTa

2.7)

In spite of using this equation, many authors prefer to employ a reduced form (Yang et al., 1986;

Lovick et al., 2005):

(2.8)

In order to compare our results, the present work uses Eq. 2.8.

2.5.5 Interfacial area

The Sauter diameter is related with the interfacial area per unit liquid volume:

a=6-—— (2.9)

where @y, expresses the volume of the dispersed liquid phase or the gas hold-up (€). To learn more
about the dependence of the interfacial area, Eq. 2.7 was computed for the conditions most
common found in the literature, for instance, 0.01 mm < d3; < 4 mm and 0.01 < ¢y, < 0.2. As
noticed in Fig. 2.5, the volume fraction of the dispersed phase (¢ ) has a stronger influence on the
interfacial area than the Sauter diameter has. This plot suggests that higher concentrated dispersion
might overcome the effects of the flow forces intended for the fragmentation of the fluid elements
present in the dispersion. However, in concentrated dispersions the probability for coalescence

increases.
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Figure 2.5. Interfacial area estimated for different diameters at different concentrations

accordingly to Eq. 2.9.

2.5.6 Probability Density Function (PDF)
PDF was used to model the size distribution of the dispersed elements. The PDF for a normal
distribution is computed as:

_(x=p)?
202

f@) =;=e (2.10)

for —o<x<o ;—o<u<owando >0
where u is the mean value, 2 is the variance and o is the standard deviation (Ramachandran and

Tsokos, 2009). The PDF largest values correspond to the most likely values of the variable x,

whilst the smallest values correspond for unlikely values.
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2.5.8 Volume-related liquid-side mass transfer coefficient (k;)
The liquid mass transfer coefficient, k;, in the interface air-water was estimated accordingly to the

equation proposed by Frossling (Alves et al., 2004):

Vs 2 _1
k,=c T D3 v7e (2.11)

where the constant ¢ = 0.6, v; is the superficial gas velocity (vy =f( T,Q¢;), Eq. 2.1), d is the bubble
diameter (d3;), D is the air diffusivity in water (2.1 1x10° m? s'l), and v is the kinematic viscosity

of the continuous phase (1><10'6 m’ s'l).

2.5.9 Turbulence energy rate dissipation

The specific local energy dissipation is defined as follows:

P

£ =— (2.12)
pVL

This property is known as the mean dissipation rate. For the present work & = 0.00046 m” s™.

The turbulence energy rate dissipation (¢) was determined in terms of a micro-scale and the

turbulence velocity fluctuations (Sheng et al., 2000):

v
e=A— (2.13)

where A is a proportionality constant and / is the integral length scale. A = O(1) and the length
scale can be determined in base of the impeller diameter: [ = d; / 10. The basis of the Eq. 2.13 is
the energy cascade from large to small eddies (reference) and makes two assumptions: (1) exists
local equilibrium between turbulence production (at the large, measurable scales) and dissipation
(at the small, non-measurable scales) and, (2) as well as the existence of local isotropy at small
scale nevertheless large scales are very anisotropic (Wu et al., 1989). In practice, it is rather

difficult to meet such conditions, especially in the flow produced in stirred tanks.
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2.5.10 Kolmogorov micro-scale

The Kolmogorov micro-scale (1) was computed applying Eq. 1.3:

1

v3\4

where the dynamic viscosity results from the relation between kinetic viscosity and density

2.6 Dimensional analysis

2.6.1 Reynolds number
Accordingly to Eq. 1.1, the flow regime in terms of the Reynolds number is Re = 24,500, which

corresponds to the fully turbulent developed flow.

_ pNd,*
U

Re

(1.1)

where d; is the impeller diameter, p and u are the water density and dynamic viscosity,

respectively.

2.6.2 "g" force

The "g" force is given by

_ (2nN)%d,
=

(2.14)

where g is the gravitational acceleration (g = 9.81 m s?). To avoid flooding caused by radial

impellers, Cooke et al., (2005) suggested "g" = 1. In the present work “g” = 3.5.
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2.6.3 Froude number
The Froude number is defined by

_ N%4,
g

Fr

(2.15)

To avoid flooding caused by radial impellers, Cooke et al. (2005) proposed Fr = 0.05. In the

present work is Fr = 0.18.

2.6.4 Weber number

Although the oil drops or the air bubbles interact between them through coalescence in highly
concentrated dispersions. Hinze (1955) developed a theory for particle breakage, which established
that drops and bubbles are fragmented as a function of the equilibrium between the external fluid

force and the interfacial force:

(2.16)

where d is a characteristic length (i.e. the drop or bubble diameter, d; or d, respectively).
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This chapter describes the flow pattern generated by the Scaba impeller and its hydrodynamics in
terms of the 2D vector fields. The scalar of the velocity magnitude, the velocity fluctuation and the
vorticiy field are presented to investigate its influence on the viscous phase deformation and
rupture. Visual recordings explain the oil immersion process and the filamentous viscous structures
formed as a consequence of the hydrodynamics prevailing in the continuous phase flow. This
subject introduces a new vision for the study of filaments generated in a mechanically stirred tank

under turbulent flow conditions.

3.1 Flow field and oil filaments

3.1.1 Velocity patterns

The measurement of the velocity field around the impeller was obtained to understand the complex
dynamics of the viscous phase. With these measurements we verified the advantages of the Scaba
impeller as a stirrer device reported in the past by Kovécs et al. (2001), Khopkar et al. (2004) and
Cooke and Heggs (2005).

The velocity fields presented here for a single phase are not significantly affected by the presence
of the viscous phase because the oil concentration is small (i.e. 1% v/v), which is in good
agreement with the findings reported by Laurenzi et al. (2009). The velocity field obtained for the
plane rz at Re = 24,000 is shown in Fig. 3.1a. Although some of the typical structures for the radial
impellers are well reproduced (for instance, the toroidal structures), our attention focuses in the
flow field produced in the core of the curved blades. In this region, the velocity vectors are highly
convergent. Kovacs et al. (2001) and Khopkar et al. (2004) observed that the flow discharged by a
curved blade impeller is concentrated in the impeller centerline. One can notice that this structure
does not occur for an impeller with flat blades such as the one produced by a Rushton Turbine,
which produces mainly parallel velocity vectors (see for instance Baldi and Yianneskis, 2004;
Laurenzi et al., 2009). Cross flow is a good indication of the improvement of mass, momentum and
energy transfer; shear rate and turbulence are also increased, and contribute to the deformation and
breakage of dispersed structures like filaments, drops, bubbles or particles. Fig. 3.1b shows the

magnitude of the velocity vectors for the plane rz. The largest velocity magnitude is found around
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the blades discharge (|7]ng, = 0.5 m-s™), whereas the flow in the rest of the tank is mainly
characterized by |7| = 0.1 m-s™. This value is low enough to suggest that the flow develops mainly
in the r0 plane. The impeller tip velocity was estimated as vy, = d;7N, resulting in v, =1 m-s’
(two times the maximum velocity of the liquid at the impeller discharge). The minimum velocities
(7] < 0.05 m/s) were registered in the core of the eddies. Once the velocity profile was known, the
pumping capacity was computed according to Eq. 2.4 and the resulting value N, = 0.46 is in

agreement with the values reported by Kovacs et al. (2001) and Khopkar et al. (2004).

(a) (b) o

Figure 3.1 (a) Velocity vector field and (b) Scalar field of velocity magnitude. Re = 24,000. Both

cases represent the time average of the flow.

To understand the way in which the oil is transported and dragged towards the impeller, we
analyzed the magnitude of the axial velocity component of the average velocity field. The time
average velocity v, is compared along the z direction for several radial positions in Fig. 3.2. Again,
maximum values are obtained around the impeller zone, but the velocity direction in the upper
zone is opposite to that located in the lower zone. The inflow (v,”) generated in the upper zone
explains why the oil, originally located at the water surface, is smoothly incorporated toward the
tank center, around the impeller shaft once the rotation of the impeller starts. Then, the oil forms
thick threads that are twisted and driven in a helical manner around the shaft. The process
continues until the oil contacts the impeller blades. A visual description of this process is shown in

Fig. 3.4.
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Figure 3.2. Axial velocity profiles along the z axis for selected radii (#/R). v;, and H refer to the

impeller tip velocity and the liquid maximum height, respectively.

3.1.2 Oil dragging

This process takes place mainly in the region near the impeller shaft, in which the oil phase is
submerged and dragged into the liquid bulk as thick oil threads, which are twisted and driven in a
helical manner around the shaft. The process continues until the oil contacts the impeller blades. A
visual description of the dragging process is showed in Fig. 3.3. There is a good agreement

between the oil dragging and the velocity profile as shown in the last photograph of such a figure.
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t t;
...then, the oil rofates ...and finally, oil is
around the impeller axis, dragged by the blad

Figure 3.3. Oil dragged from the surface to the impeller tips. (¢, = 0 ms, £, = 195 ms, 73 = 210 ms and 4 = 385 ms). In the last photograph, the

mean velocity pattern governing the process is also shown.
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3.1.3 Filamentous structures

The radial flow from the impeller is highly stretched. Elongated and thin filaments as well as other
amorphous thicker structures are formed and expelled from the impeller blades to the turbulent
flow. Shinjo and Umemura (2010) observed similar structures, which were described as fungus-
like shapes. We have observed that in the impeller zone, inertial forces elongate the filaments and
fold them in all directions. These elongated filaments undergo a very interesting process (Fig. 3.4)

that resembles the description of Yarin (1997) for hairpin vortices.

Figure. 3.4. Deformation process of a hairpin filament. Time difference between frames is 5 ms.

Furthermore, the radial flow produced at the impeller discharge is not steady. In fact, it is
composed by intermittent jets. The strength of each jet depends on the tangential and radial

position of the blade, as shown in Fig. 3.5. The jet velocity increases depending on two parameters:

the number of blades (n) and the rotational speed (N) [f = %N =0.8 s_l]. The oil filaments
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dragged by the impeller blades are expelled in the radial direction towards the tank wall as a result
of these periodic fluid pulses. However, once expelled, the jet energy ceases and the impulse that

initially pushed the filament vanishes.

o X\ /% i

Radlal flow Deformed oil

blades f1larnent / filament

<_t‘ |:> N
Point of
// j reference

High-speed
camera

Strongest Absence of Periodic

jet /\ jet drag /W\

time time time

Figure 3.5. Schematic representation of the intermittent flow produced by the rotation of the

impeller (top view).

In Fig. 3.6a, the normalized velocity measured during 60 ms after two filaments were injected onto
the liquid in the plane rz is presented. The crests correspond to the instant when the jets drive out
the maximum strength and the valleys correspond to the moments when the blades are not
generating a jet. Once the filament escapes from the zone of high turbulence (i.e. #/R = 0.8, near
the tank wall), the jet has no further influence and the radial displacement of the filament
disappears. Such intermittences cause the filament to fold and break. An example of folding
produced by this periodic perturbation is shown in Fig. 3.6b. Such detailed observations showing
the dynamics of viscous filaments have not been yet reported for the case of mixing tanks. For a
better understanding, the complete image sequence is available in the following website

http://arxiv.org/abs/1010.4195v1 hosted by the American Physics Society, Division of fluids

(Sanjuan-Galindo et al., 2010). This video shows how oil elements are deformed, randomly
elongated, folded and stretched in the stirred tank. These events have been reported in the
specialized literature in liquid mixing (Iranshahi et al., 2007, Sanjuan-Galindo et al., 2011) but

visual evidence of the process is still limited.
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(b)

r to t=5ms t=15ms

Figure 3.6. (a) Normalized velocity of two filament points displaced in the plane rz measured during 60 ms (v, refers to the impeller tip

velocity, and R represents the tank radius). (b) Velocity intermittence effect in the filament stability.
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3.2 Turbulent flow effects

3.2.1 Turbulence intensity

In previous works some authors discussed that in the impeller neighborhood the flow is governed
by shear forces and turbulence fluctuations (Calabrese et al., 1986a). Our experiments support this
statement and provide evidence of the influence of turbulence on the deformation and breakage of

viscous filaments, which lead to drops formation.

Fig. 3.7a shows a scalar map and the mean fluctuating velocity field, v', in the plane rz in the
impeller neighborhood. High turbulent motion values, i.e. v’ = 0.5 m s, are present near the

impeller discharge. Fig. 3.7b shows a typical viscous structure produced randomly as a result of the

turbulent flow.
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Figure 3.7. (a) Turbulence intensity and velocity fields. (b) Filament instability.

Filaments can be observed in the tank only in the beginning of the process (during the first 60 s);
thereafter, they are broken and the continuous media becomes saturated with drops. The
comparison of the turbulence intensity in the different zones helps to explain the evolution process
of the drops size (as will be described below). Outside of the impeller discharge, the liquid
turbulence decreases drastically (i.e. v’ < 0.2 ms'l) and surface forces become stronger than

inertial ones allowing the recoil of broken filaments (drop formation).
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3.2.2 Vorticity field

In Fig. 3.8a two vorticity regions of opposite sign (with absolute magnitudes of 0.06 s™) can be
identified. A similar interaction was reported by Shinjo and Umemura (2010), who studied the
influence of the vortices on the filament surface and breakage. The vortices in our stirred tank are
generated in a similar way; they are located symmetrically in both sides of the impeller centerline.
The oil phase expelled by the impeller is attracted by the low pressure region of the vortex cores
and driven by the radial flow discharged by the impeller. The result is the formation of complex
structures like those shown in Fig. 3.8b. In this image the velocity vectors were superposed to the
image in order to explain the influence of the radial flow. These structures are unstable and result
from a process of tridimensional stretching; thin viscous sheets are also produced but they are
unstable and highly sensitive to rupture. After breakage the superficial forces become dominant
allowing the recoiling of broken filaments, especially in the region of low turbulence (as explained
above). This process ends with the formation of numerous drops of widely different sizes. Quickly

afterwards, these drops are dispersed in the liquid bulk.
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Figure 3.8. (a) Vorticity and velocity field, (b) Filament expelled by the impeller blades.
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This chapter describes the particle size distribution of the dispersion components. Variables related
with the mass transfer process were estimated like the interfacial area and the kza coefficient from
in situ measurements. During the stirring process, the oil fraction or the biomass content remained
constant while the gas flow was supplied continuously. The dimensionless Weber number was
estimated in two zones of the liquid bulk with different turbulence properties. The size of the air
bubbles, oil drops and fungus pellets was measured; however, the oil drops and the fungus pellets
experienced fragmentation as a function of the stirring time. An explanation that describes the

fragmentation process is also given at the end of this chapter.

4.1 Stretching, breakage and mass transfer

4.1.1 Air bubbles and distribution

There are many studies where gas bubbles are considered as buoyant objects moving in still liquid
columns (Bouaifi et al., 2001; Soto et al., 2006; Van den berg et al., 2006); under such conditions,
the gas bubble movement supplies the only flow perturbation and the gas transport is preferentially
ascendant, promoted by the air low density and pressure gradients. Oppositely, the bubbly flow
developed in stirred tanks is more complex because the gas bubble buoyancy is extensively altered
by the energy supplied by the impeller, so that the velocity gradients contribute to the bubble

stretching and its eventual rupture.

Gas bubbles distribution in the liquid bulk in stirred vessels has been determined by experimental
and numerical studies (Yang and Shen, 1986; Alves et al., 2004; Taboada et al., 2006); but the
mechanism through the which, the gas bubbles disrupt has not been completely clarified. In
particular, a visual documentation of the process has not been reported to date. The velocity
gradients induced by the impeller discharge stretch and break the viscous fluid structures. An
approach of the mechanism occurred in a stirred tank was proposed by Andersson and Andersson
(2006), who described the deformation and breakage process of single bubbles injected in a

turbulent flow in a straight pipe.
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Fig. 4.1a shows an instant of the gas-liquid dispersion inside the reactor for an aeration rate of 0.5
vvm and Re = 24,500. Spheroidal gas bubbles are reshaped into lenticular ones. This fact occurs
only in the zone of the impeller flow discharge where high levels of turbulence prevail, i.e. v' = 0.5
m s™'. Deformed drops are the previous step for rupture. Bubble breakage obeys the force balance

represented by the Weber number.

Intercial forces pvid,

- = 2.16
¢ Interfacial forces o; (2.16)

Bubbles are broken as the interfacial forces become lower than the inertial forces. Hinze (1955)
reported that bubbles breakage when the Weber number reach a critical value; for instance,
Wecrir = 1.2. At higher Weber numbers, bubbles are deformed, whilst lower Weber values are not
significant to disturb the equilibrium of the interfacial force. For the conditions here evaluated, the
estimated values are We =~ 3 around the high turbulent region (i.e. in the flow discharged by the
impeller), while in the low turbulent zone (i.e. far away from the impeller discharge) We = 0.15.
As Fig 4.1a shows far away from the impeller discharge, air bubbles keep a spheroidal shape due
to the predominance of the surface forces. The mechanism to explain the deformation and the

breakage of the fluid elements will be revisited at the end of this chapter.

The probability density function (PDF) versus the bubble diameter is plotted in Fig 4.1b. Bubble
size distribution develops a Gaussian-like bell with a tail on the right side. The average diameter
(and the standard deviation) obtained are: d,, = 1.2 mm (¢ = 0.6 mm). The maximum bubble
diameter iS dp. = 3.9 mm (nearly three times the average magnitude d,,). To enrich this
information, the gas hold-up distribution in the liquid bulk is subsequently analyzed. The image
for the gassed flow (0.5 vvm) showed in Fig. 4.1c corresponds to the overlapped sequence
recorded during 1.5 s at 400 fps in the steady state. It should be noticed that air volume occupies
mainly the upper part of the impeller and the neighborhood of the tank wall, while in the zone
placed below the impeller, the gas is poorly distributed; which is a good agreement with the
findings reported by Gimbun et al. (2009) with a numerical model for a similar impeller. The
experimental results obtained in the present work confirm the theory proposed by Cook et al.,
(2005), who evaluated two parameters to study the gas phase distribution produced by radial
impellers in stirred tanks: the “g” force (Eq. 2.14) and the Froude number (Eq. 2.15). For the

(13 2

present work, “g” = 3.5 and Fr = 0.18. From this reference, the power supplied through the
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agitator exceeds the gas buoyancy and disperses well the gas phase in the upper part of the tank; to

increase the gas phase dispersion in the bottom tank higher power inputs are required.
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Figure 4.1. (a) A typical image of air-water dispersion showing deformed bubbles and (b) PDF
distribution of air bubble diameters. (c) Overlapped images showing air distribution produced

during 1.5 s in a stirred tank at Re = 24,500 for an aeration rate of 0.5 vvm.
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4.1.2 Gas-liquid mass transfer coefficient

In spite of reporting the arithmetic average (d,,), many authors determined the Sauter diameter
(d3,) (Eq. 2.8) (Lucatero et al., 2003; Gimbun et al., 2009), which is the same obtained in this
work. In the past, Laakkonen et al. (2007) found the range 3.0 mm < d3, < 3.6 mm; whilst Gimbun
et al. (2009) reported 2.8 mm < d3, < 5.3 mm. The Sauter diameter obtained in the present work is
d3,= 1.82 mm. Such value is smaller than those reported previously by Laakkonen et al. (2007)
and Gimbun et al. (2009); however, the experimental conditions were not the same. In those works
they used a Ruston turbine, unequal flow regimens and different aeration rates. Other authors have
proposed empirical correlations to predict the Sauter diameter as a function of different parameters
like the specific power input, the impeller rotational speed, the gas holdup, the liquid properties,
the flow velocity, etc. (Clarke and Correia, 2008); nevertheless, theses equations were obtained for

experimental conditions not comparable to the present work.

The Sauter diameter was helpful in the estimation of the specific interfacial area a;r_p,o = 548
m™ (Eq. 2.9). Applying Eqgs. 2.7 and 2.10, the overall mass transfer obtained from the experimental
data is kza = 0.007 s™. There is some difficulty to compare this value with the data published
elsewhere due to the wide divergence of the methods used to determine the k;a coefficient as well
as in the experimental conditions reported by other authors. For example, using the peroxide
decomposition technique, Alves et al. (2004) reported a kza = 0.017 s' fora larger aeration rate,
moreover, they employed a Rushton turbine at Re = 69,000. In a CFD model, Laakkonen et al.
(2007) computed a vessel with higher aeration rates and predicted local values ranging from 0.03
s' to 0.01 s™. From a photographic method but different stirring conditions Pulido-Mayoral and

Galindo (2004) determined a local coefficient k;a = 0.005 s™".

4.1.3 Time dependence of drop size

Oil drops break in the similar way as described above for the gas bubbles. Fig. 4.2 shows an image
sequence of this process: a drop is pushed by the impeller jets (the oil content is 1% v/v and Re =
24,500). Under shear forces, spheroidal drops are stretched and reshaped. If bulbous shapes are

attained a necking process can cause breakage and give rise to smaller daughter droplets.
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Figure 4.2. Image sequence of the deformation of an oil droplet near the impeller discharge.

Drops size distribution for different kinds of dispersions in the steady state produced in stirred
contactor devices has been studied by Calabrese et al., 1986a; Chatzi et al., 1991, Zhou and Kresta,
1998b; Sajjadi et al., 2002; Lovick et al., 2005, among others. In the present work, the drop size
was studied as time dependent. Two sets of photographs were obtained at different times during the
tank operation for a fixed impeller speed. The first set of images was captured after the stirring
process started and once filaments were disrupted (r = 120 s); the second set was taken one hour
later. Fig. 4.4a compares both images. When the agitation has started, big drops are predominant

and easily found.

The diameter of approximately 500 drops for each time was obtained and its size distribution
exhibits a Gaussian-like distribution (Fig. 4.4b). As showed by Zhou and Kresta (1998b), the drop
size is time dependent before a steady state can be reached. The widest curve describes the
dispersion in the beginning of the process whilst the largest agitation time is described by the

narrowest one. The PDF curve displaces towards the left (smaller diameters) as the stirring time
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increases, confirmed by the curve’s peak; i.e. the average diameter (and the standard deviation)
obtained in the two stages are d,, = 1.1 mm (¢ = 0.41 mm) at # = 2 min, while d,, = 0.8 mm (¢ =
0.25 mm) at + = 60 min. The tail at the right side of the PDF corresponding to the earlier time is
produced by the large size drops appearing in the beginning of the process. The ratio (d./day)
migrates from 2.7 to 2.3 as the stirring time increases, which leads to the increment of the
interfacial area resulting in better mass transfer process. A disadvantage is that resolution discards
the small droplets; to overcome this difficulty, drops measurement from a magnification view were
carried out in the steady state. These results were integrated to estimate the Sauter diameter d3, and

the oil-water interfacial area, which will be presented in the next chapter.
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Figure 4.3. (a) High-speed images of an oil-in-water dispersion produced in a stirred tank. Pictures
were taken at 1, = 2 min and 7, = 60 min after the agitation process started. (b) PDF of drop

diameter obtained at ¢; and 7.

At the beginning of the process, oil drops breakage occurs more frequently because big drops are

more unstable than the smaller ones. It is unlikely that all drops reach a uniform size but there is a
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debate about drops size distribution. Some authors have predicted the minimum size considering
the theory of Kolmogorov (Liu and Li, 1999), but others have discarded this prediction (Zhou and
Kresta, 1998a; Cristini et al., 2003). Several correlations have been developed to predict the
biggest drop or the mean size, especially for several silicon oils or petroleum products
(Coulaloglou and Tavlarides, 1976; Calabrese et al., 1986b; Wang and Calabrese, 1986; Zhou and
Kresta, 1998a) but not for oils used in biochemical processes, such as the Castor oil. It has also
been suggested that mechanical impacts of the drops with the baffles or with the tank wall may
also influence on the drop size distribution. However, we did not observe the occurrence of such
events with enough frequency to be considered as a relevant factor. In agreement with the work of
Cristini et al. (2003), we believe that drop breakage is caused mainly by the shear forces generated

in the impeller discharge region. The dimensionless Weber number validates this fact:

_ pr2dg

We (2.16)

Y

As earlier mentioned, a critical value of the Weber number (We,,;; = 1.2) produces oil elements
breakup; higher values induce strong deformation and for lower values, the drop shape remains
unchanged. For the high turbulent region the resulting values are We = 4, while in the low

turbulent zone We = (.2, which supports that breakage is caused by the fluid forces.

4.1.4 Biomass

Mechanical stirring in liquid fermentations plays two important functions: (1) to disperse the
ingredients and (2) to keep them in contact. In the past, the hydrodynamic effects in the cellular
growth have been investigated mainly based on the biomass production by comparing certain
physiological functions or by testing the metabolic activity; for example, the proteins, enzymes or
polymers production, DNA synthesis etc. (Abu-Reesh and Kargi, 1989). Under high agitation
stress conditions, single cells can survive (Oh et al., 1989; Wu, 1995; Maranga et al., 2004) but
cell clumps are more sensitive to strain, so they become fragmented (Rocha-Valadez, 2005;
Rodriguez Porcel et al., 2005). The effects of the nutrient sources in the fungus pellets size and
morphology, grown in bioreactor, have been reported previously (Liao et al., 2007); nevertheless,

the influence of the flow patterns in the cluster size has received less importance.
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This section analyzes the size alteration of fungus pellets of the strain P. ostreatus P50 exposed to
constant stirring at Re = 24,500. Fig. 4.5a shows three gray-scale photographs of samples taken at
different times: 15 min, 60 min and 300 min. The first photo represents the earliest time and
exhibits largest size pellets. As the stirring time increase, the number of fragmented pellets

increases also (Fig. 4.5a, right side photos).

The plot showing the PDF versus the pellet perimeter is presented for the three stirring times in
Fig. 4.5b. The average values determined for the perimeter (and the standard deviation) are: 3.0
(1.7), 2.7 (1.3), 2.1 (1.0) (all magnitudes are given in mm) for the 15 min, 60 min and 300 min
samples, respectively. In the three cases, the PDF shape remains unchanged; however, a clear
displacement towards the smallest perimeter is observed and the curve width becomes narrower as
the stirring time increases, which suggests that the pellet size reduction is caused by the flow
pattern, particularly, by the vortices and the turbulence intensity produced in the impeller flow

discharge.

The findings presented here are in agreement with the experiments of Rodriguez Porcel and
coworkers (2005). They found that the maximum fungus clusters size is reached in the first hours
of the fermentation process, but afterwards the fungus pellets size decreases. A possible
explanation to this behavior is given next. Larger clumps are composed by young and healthy

hyphae, while in mature cultures, the old hypahe are more sensitive to the flow forces.

The biomass here analyzed had the same maturity (because cell reproduction was inhibited). The
results presented in the PDF curves suggest that pellets with a length larger than 2 mm (about 6
mm of perimeter) are fragmented as a consequence of the turbulence energy dissipation rate;

higher levels of energy dissipation should produce smaller pellets.

Moreover, these results enhance the theoretical approach discussed by Li er al. (2002), who
suggested that pellets fragmentation occurs when the local shearing forces are larger than the
hyphal tensile strength; but until date, this rupture was not associated to a specific flow pattern.
Larger fungus pellets are rather growth in shake flasks (Liao et al., 2007) —which subject to
medium to lower agitation stress and softer low turbulent conditions-, than in stirred tanks (Rocha-

Valadez et al., 2005).
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It should be recalled that this experiment was performed in the absence of microbial activity. In a
real fermentation process, cell growth and cell byproducts produce considerable increments in the
culture broth viscosity, which reduces the agitation regime and increases the stagnant regions
(Serrano-Carredn et al., 1997; Rodriguez Porcel et al., 2005; Sanjuan-Galindo, 2006) leading to
larger sizes. Moreover, other factors like the fungus strain, the inoculation size and the carbon

source, play an important role in the size of the fungal aggregates.

t3 = 300 min

(b)

PDF

eeooee /|

- o amm o 13

0 4 8 12 16

Pellets perimeter (mm)

Figure 4.4. (a) Gray-scaled images of the pellets in agitation taken at ¢; = 15 min, 7, = 60 min and
t; = 300 min after the agitation process started and (b) the corresponding PDF to compare the pellet

perimeter in the three cases.
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4.2 Mechanism to describe the particle size reduction

4.2.1 Force competition

The objects stability in a stirred dispersion depends on the equilibrium of the forces present in the
turbulent flow: drag (F,), weigth (mg), pressure (F/A), fluid acceleration plus mass effects (ma),
buoyancy (F}), surface tension (o), friction (Fy), spinning (®), shear forces (Fy) fluid volume
vorticity, lift force (F;) (which is responsible for the accumulation of bubbles in vortices) or impact
(F.) (for instance, drops, bubbles or solid particles collide with each other or eventually with the
solid parts of the agitations system or with the vessel) (Auton, 1987). A diagram showing these
forces is depicted in Fig. 4.5. The ionic strength produced by salts, pH gradients or surfactants (i.e.

proteins) are other factors, needed to be considered (Pulido-Mayoral and Galindo, 2004).

However, the effect of these forces is a function of some variables such as the particle size, the
body inertia, the local dissipation rate, and the physical properties. In the process to reach the size
equilibrium, objects are deformed or fragmented, producing smaller objects; this fact was
corroborated with the dimensionless Weber number (Eq. 2.16) and the comparison of the PDF
curves. Just after the most stable size is reached, higher energy should be supplied for a further size
reduction. The interfacial tension for the air-water interface (o,_,,= 72 mN/m) is greater than the
oil-water interface (o,—,, = 21 mN/m), which explains why the gas bubbles are bigger than the oil
drops, when the two phases are submerged in the same flow pattern (compare the PDF curves
shown in Fig. 4.1 and Fig. 4.4); for instance, the diameter ratio for the two phases in the

equilibrium state, considering the average magnitude, is dgq5/doi = 1.96 (dimensionless).
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Velocity profile

Continuous phase flow

Figure 4.5. Free body diagram showing the presence of the forces acting in a stirred tank.

4.2.2 Turbulent energy dissipation rate

Turbulent energy dissipation rate is transferred from the continuous phases to the non-miscible
fluid elements (i.e. air bubbles or oil drops) to compensate the surface increment (size reduction),
as proposed previously (Zhou and Kresta, 1998a). Fig. 4.6 shows the scalar field of the turbulence
energy rate dissipation estimated from the dimensional analysis (Eq. 2.13). The flow in the
impeller core is featured by € = 18 m” s~ (dark brown shade). This value is too large with respect
to the specific energy dissipation in the tank volume: P/pV = 0.00046 m® s, suggesting the
predominance of other forces such as the interfacial tension; therefore, the dispersed elements
might be rarely perturbed outside the impeller discharge. Table 2 are a comparison of the
maximum dissipation rate reported in the literature for different agitator designs; as can be
inferred, calculation of the turbulent energy dissipation rate is sensitive to the method and

procedure (Sheng et al., 2000).

According to Eq. 1.3, the local Kolmogorov micro-scale is A = 1.5x10? mm. This value references
the smallest eddy where energy is converted into heat and describes the predominance of the
turbulent inertial regime; in other words, dispersed elements are larger than the smallest turbulent

eddies and fragment into smaller elements.
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Figure 4.6. Turbulence energy dissipation rate in the impeller flow discharge.

Table 2. Maximum values reported in the literature for the turbulent energy dissipation rate.

Maximum turbulent

Impeller design, energy dissipation rate

(Re 103) Emax (m2 s'3) * Method Reference
Scaba, (24) 18 ' Dimensional analysis The present work
2 . ..
Triple decomposition .
Rushton,(4.6) 0.07 of Reynolds and gggrlp and Adrian,
Hussein’s
3
Rushton (40) 311 Reynolds stress Baldi et al., 2004
gradients
1 o~ . . Ducci and
Rushton, (32) 3.5 Dimensional analysis Yianneskis, 2005
4 .
Reynolds average Xinhong et al.,
Rushton, (40) 0.12 subgrid scale 2008
5 .
. Large Eddy PIV Kilander and
Hydrofoil, (13) 2.2 approach Rasmuson, 2005
Pitched Blade * Reynolds average

Turbine, (30) 1,074

subgrid scale

Unadkat et al., 2009

* The equations used to estimate the turbulent energy dissipation rate are:
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4.2.3 Mechanism to describe the elements size reduction

Zhou and Kresta (1998a) suggested that drops are broken when they gain enough energy to
compensate the increment of the total surface area. Andersson and Andersson (2006) modeled the
fragmentations process of single drops or bubbles injected into a turbulent flow developed in a
straight pipe. For the case of stirred tank, a mechanism to describe the breakage of the elements in

the dispersion is proposed here.

According to the information presented until now, air bubbles, oil drops or fungus pellets are
fragmented in a similar manner. The mechanism proposed to explain this process consists of four
steps (as shown in Fig. 4.8). In step 1, a large object enters the high shear zone. Then, this object
experiences stretching as a consequence of the shear forces (step 2,); such forces produce the
instability and deformation of drops or bubbles whilst in the case of the fungus pellets, the fungal
tensile strength is drained. Rupture is the third step. The cycle ends when smaller objects are
dispersed in the liquid bulk (fourth step). Objects moving outside the turbulent zone are neither
disrupted nor stretched. The cycle is repeated many times until the force equilibrium is reached; for
instance, when the inertial forces are not enough to destabilize the surface forces in the case of the
bubbles and droplets or the tensile strength in the case of the fungus pellets. To produce further

reduction the spectral energy must be amplified and higher turbulence should be produced.

At the beginning of the process, breakage occurs more often because big objects are more unstable
than the smaller ones. It is unlikely that all objects reach a uniform size. For the case of oil droplets
there is a debate about its size distribution. Some authors have predicted the minimum size
considering the theory of Kolmogorov (Liu and Li, 1999), but others have discarded this prediction
(Zhou and Kresta, 1998b; Cristini et al., 2003). There are many relationships suggested to predict
the biggest drop or the mean size, especially for several silicon oils or petroleum products
(Calabrese et al., 1986b; Wang and Calabrese, 1986; Zhou and Kresta, 1998a) but not for oils used

in biochemical processes, such as the Castor oil.
Among other factors to consider, the collision of drops or bubbles modifies the object size;

however, this phenomenon is particularly important in highly concentrated dispersions

(Coulaloglou and Tavlarides, 1976). It is recalled that the use of surfactants (not used in our study)
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inhibit coalescence and stabilize the emulsion (Bibette et al., 1992; Pulido-Mayoral and Galindo,
2004).

Finally, it has also been suggested that also mechanical impacts of drops with the baffles or with
the tank wall may influence the drop size distribution. However, the occurrence of such events was
not observed with enough frequency to be considered as a relevant factor. In agreement with the
work of Cristini et al. (2003), it is believed that objects fragmentation is caused mainly by the

shear forces generated in the impeller discharge region.
|
Impeller @
.
\.
e S
_ 3
/"
Flow @

Figure 4.7. Schematic representation of the process of object size reduction (1) A large object

\

enters the high shear region. (2) The large object deforms and elongates. (3) The large object

fragments. (4) Two objects of smaller size are produced.
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The studied zone in the last two chapters was the area occupied by a half vertical plane of the
whole system (approximately 60 cm?). A smaller area of about 4 cm? located in the vicinity of the
tank wall will be analyzed in the present chapter. The flow in this zone has not been studied in a
detailed manner, not even for a dispersed phase. Discussion focuses on the average vector field
obtained from the oil drops light reflectance (no fluorescent tracers were needed) monitored in two
normal planes: the first one oriented in a tangential direction (“parallel” to the tank wall) and the
other one oriented in the radial direction. Oil droplets were photographed with a high-speed camera

to determine the mean diameter and the instantaneous velocity of individual droplets.

5.1 Oil droplet dynamics

5.1.1 Oil droplets velocity comparison

Fig. 5.1a is an example of the drops photographed at 5,000 fps. Although few droplets appear in
this image, the history of the total droplets crossing this area during 0.4 s is shown in Fig 5.1b. This
map was constructed by drawing one circle for each droplet being the position of each circle
represents the local site where each droplet crossed the surface; for example, the diameter of the
same droplet was compared in two consecutive photographs (A7 = 0.2 ms), if the difference is
larger than 5% the measurement is neglected. Circle saturation suggests the level of
homogenization produced by the system; the map presented in Fig 5.1b corresponds to a blending

time of 0.4 s, it can be observed that it is not completely covered.

The vectors located in the center of each circle (Fig 5.1b) represent the instantaneous velocity
vector (v) for each drop displacement in the interval At = 0.2 ms. This diagram explains the
randomness of droplet displacements and the heterogeneity of the velocity vectors (direction and
magnitude) in the neighborhood of the tank wall. However, the velocity vectors have a tendency

towards the same direction; which will be discussed again in section 5.1.2.
What should call our attention is that larger droplets are preferentially placed in the top-left of the

map. An explanation of this behavior is that the smaller drops (appearing in the bottom of the

surface) might be the broken drops, dragged directly from the impeller blades and large droplets
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might become from a different region (as suggested in Fig. 5.1c). This picture reinforces the

explanation proposed to describe the elements size reduction given in section 4.2.3.

(a) (b)

1123331% o O
y ¥
- \ O O@ Impeller
' dj“@% A rotation
NN o

Broken Flow

/ drops

dragged by

the impeller $>N r
\flo“}

Figure 5.1. (a) A typical image of the sequence obtained on-line for the study of the oil-water

Visualization

dispersion in a stirred tank; (b) Map to compare the drops size and the instantaneous velocities for
each drop crossing the zone in 0.4 s; (c) Scheme to explain the droplet distribution visualized in the
map. Symbols: z for the axial coordinate, r for the radial coordinate, @ for the angular coordinate

and @ for the tangential orientation.

A number of works dealing with homogenization in stirred vessels by using other kind of maps

have been reported in the literature. Zalc et al., (2002) reported a Poincaré section obtained from
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fluorescent visualizations to provide information about the chaotic and nonchaotic regions of the
flow at Re < 200. From a CFD model, Sanjuan-Galindo et al. (2011) presented the Poincaré maps
corresponding to massless tracers at Re < 100 in a large scale mixing tank. In these works, they
were concerned only with the single phase fluid mixing and not with a dispersed phase, not even

with the instantaneous velocity. Moreover, less attention has been paid to flows developed in

turbulent regimes and the concept has not been applied for oil-water dispersions.

The drop size distribution from a perspective for the whole system has been compared in section
4.1.3. However, one disadvantage for this perspective is that the smallest droplets cannot be
properly measured due to the low image resolution. The use of 11x magnification lens made
possible to identify droplets smaller than 0.03 mm in a smaller area. The resulting PDF (Fig. 5.2a)
is represented with a continuous blue line and compared with the green pointed line representing
the old measurement, as shown in Fig 4.3b. An advantage gained with the 11x magnification is
that the number of small droplets increases considerably, which increases the accuracy of the
interfacial surface estimation. Considering both data groups, the arithmetic diameter is d,,= 0.62

mm and the Sauter diameter is d3; = 0.94 mm. According to Eq. 2.9, for an oil content of 1% v/v,

the interfacial surface between the oil phase and the water is @0 = 64 m™.

(a) (b)
11 x magnification 4
Global view o,
droplet S e
velocit ..' [
| 2% N Sy
3 :
= s .
e 2 : s
= 3 °
\ / dispersion _-' )
\ droplet S .
\ size i K '._
\_ .'. %
N o %
° L]
1 5 20 O T T T T T T

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 5.2. Probability density function (PDF) versus the (a) drop diameter and (b) instantaneous

velocities for individual oil droplets. Measurements were made in a local region at Re = 24,500.
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The drop size distribution is not enough to explain the convective mass transfer process in
turbulent conditions; indeed, it is a complex process where the surface renewal is implied,
promoted by turbulent eddy diffusion and the relative drops velocity. The instantaneous velocity
distribution of individual droplets is plotted in Fig. 5.2b. The PDF exhibits a Gaussian distribution,
where velocity ranges between 0.2 m s to 0.7 m s™, the average value of the instantaneous
measurements is v,, = 0.42 m s, A similar distribution was reported by Zamankhan (2010) for the

velocity of gas bubbles moving in water in a stirred tank.

The instantaneous random movement of individual droplets has been previously discussed
elsewhere (Guevara et al., 2008). In such work, they reported the chaotic movement of oil droplets
in a continuous phase with two different rheological properties: a constant viscosity continuous
phase and a shear-thinning fluid (n = 0.77, k = 0.11 Pas"). The trajectory developed in the two
cases is compared in Fig. 5.3, in which both images were obtained through a running-average
routine overlapping the object trajectories. Objects transported in a Newtonian phase (Fig. 5.3a)
corresponds to 30 images taken at 5,130 frames/s in an agitated system in the turbulent regime (Re
= 16,800). The dark channels correspond to the trajectories of the dispersed objects in the plane (6,
), i.e. tangential and axial references. As seen, objects exhibit an instantaneous chaotic movement

with random directions and velocities in the turbulent regime.

Figure 5.3b shows the oil droplets transported in an aqueous solution containing 0.6 % of
Carboxymethylcellulose (CMC) in the transition regime (Re = 582). The running-average of 20
images taken at 800 frames/s was overlapped with the droplet position in a short interval (1.2 ms).
The oil droplets are displaced homogeneously in a parallel way oriented with a slope of 22 degrees
from the vertical reference in counterclockwise. Although movement is mainly unidirectional, oil
droplets move at different speeds depending on the deepness of the plane. The droplet
displacement is represented with the arrows. The arrow width represents the object diameter and
the arrow length is related to the object speed. The well-focused objects, located in the foreground,
are represented with the continuous arrows (short arrows), and the trajectories of those non-focused
objects, located in the background, are presented with discontinuous lines (larger arrows).
Differences in the arrow length means that objects are transported in different planes. The droplets
in the background move at higher velocities (0.06 m/s), while the droplets in the foreground move
at lower velocities (0.026 m/s). It is believed that viscosity effects are mainly responsible for the

velocity gradient. The shear rate is smaller over the wall and increases in the zones closer to the
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impeller. In general, the velocity magnitudes for the droplets moving in the non-Newtonian phase

were smaller respect to the velocity of drops moving in the Newtonian phase.

(b)

Figure 5.3. Overlapped images captured in dispersions agitated in different regimens: (a) Constant

viscosity continuous phase. (b) Non-Newtonian dispersion (CMC solution).

5.1.2. Oil phase velocity

The instantaneous velocity of individual drops captured with a high-speed camera was analyzed in
the previous section. The average velocity obtained with PIV measurements following the light
reflected by the oil phase in a local region is now presented. The average oil-phase velocity was
obtained in two normal vertical planes, for instance, a radial oriented plane rz and a tangential

plane defined by 6z.

Two map contours showing the velocity magnitude and the vector field are shown in Fig 5.4a. In
the plane z6 (Fig. 5.4a) three zones can be identified: (a) in the lower part (light blue shades), the
velocity component has low magnitudes, i.e. v;p = 0.15 m s'l, (b) in the central zone a slight
increment is noticed, v,o ~ 0.20 m s™ (light green shades), and (c) in the upper zone the velocity
reaches its maximum value, v, > 0.25 m/s (dark green shades). The small spots (gray shades)
correspond to oil drops adhered to the tank wall, which do not have a dynamic mean (the area of

each spots is less than 1 mm?). The streamlines of the flow structure in the plane 6z are shown in

68



Rene SANJUAN-GALINDO

Fig. 5.4b. They are parallel with an inclination of 22° counterclockwise from the vertical. The same

behavior was observed for oil drops moving in a low viscous phase with non-Newtonian rheology

in the transitory regime showed in Fig. 5.3b, what suggests that the Scaba impeller produces in this

region very similar streamlines for a wide range of flow regimes (for instance, 580 < Re < 24,000).

Velocity contour and vector field

(a)
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Figura 5.4. Contour maps for the velocity magnitude and vector field for the oil phase in the

planes: (a) 8z and (c) rz. Streamlines for the oil phase velocity in the plane: (b) z6 and (d) rz.

The velocity field in the plane rz (Fig. 5.4¢) follows a U-shape; in the right side, the flow descends,

whilst in left side the flow ascends. Velocity magnitudes are distributed as follows: (a) In the
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centre of the surface (light blue shades), the velocity flow is low (v, < 0.03 m/s), which suggests
oil segregation and poor mixing; (b) a transitional zone (green and yellow shades) is observed with
larger velocities (0.04 m/s < v,, < 0.06 m/s); (c) The two vertical extreme sides of the surface (pink
and light brown shades) develop the larges velocities (0.065 m/s <v,, < 0.11 m/s). Fig. 5.4d shows
the streamlines for the plane #z, in which it is noticed again the U-shape described by the velocity

magnitudes.

5.1.3. Isotropy and energy dissipation rate in the tank wall region

Velocity fluctuates quite uniformly in the planes 6z and rz (Fig. 5.5a), i.e. v'g, ~ 0.10 m s and
0.06 m s’ < vy, < 0.08 m s”'. Low fluctuations support the structured flow presented by the
streamlines of Fig 5.4 b and d. The flow structure suggests good transport, while low fluctuations

suggest poor mixing.

To evaluate the influence of the local flow in the elements in the dispersion, it is useful to analyze
the turbulent properties. It is well known that isotropy is the simplest case of turbulent flow; for
instance, it implies spatial homogeneity independently of the direction. In other words, it is valid
the product v'; v'; = 0 foriorj=r, 0, z, if i #j. In the neighborhood of the tank wall, defined by
the normal planes 6z and rz, it was found that flow approaches to isotropy (v', v', — 0 as well as
v'g V', — 0); what suggest that elements are neither deformed nor perturbed. The contour map
showing the turbulent energy dissipation rate for the planes 0z and rz is presented in Fig. 5.5b.
Although certain variations are appreciated, the turbulent energy dissipation rate for the 8z and rz
planes are approximated equivalent; i.e. 0.1 m* s’ < €. < 0.6 m* s’ and 0.1 m* s> < &, < 0.5 m” §°,
respectively. These values are considerably reduced respect the values obtained in the region close
to the impeller (¢ ~ 18 m” s’) and approximate the mean dissipation rate (0.00046 m” s™). It is

inferred that the energy dissipation rate in this zone has little influence on the processes like the

collisions rate, mass transfer, cellular activity, cell damage and mass transfer.
According to Eq. 1.3, the resulting Kolmogorov scale is A = 4x10” mm in the neighborhood of the

tank wall. The value of this scale is more than 3 times larger than the micro-scale determined

previously in the region of the impeller discharge (i.e. A = 1.5x10 mm), such difference makes

70



Rene SANJUAN-GALINDO

that the smallest turbulent eddy is larger than the size of many objects and as a consequence, the
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The hydrodynamics generated by a Scaba impeller in a flat-bottom cylindrical tank was discussed
in order to find out the effects in the dispersed components. Castor oil -as an immiscible liquid-, an
air stream —as a gaseous phase-, and fungus pellets —as a solid phase- were dispersed (one per time)

in aqueous phase. Such components are common substrates in liquid fermentations.

Two stages were identified in the dispersion process of any of these components. The first stage
has a short duration and consists of pumping the dispersed phase; for instance, the solid phase must
be pumped upwards from the bottom and suspended, the low-density liquid-phase must be pumped
downwards from the top and submerged, and the gas-phase must be retained and increase the hold-
up. Fragmentation is the second stage identified in the dispersion process, promoted by the
turbulent flow properties. The axial pumping produced by Scaba impeller promotes well the
dispersion and the size reduction of the phases in dispersion, which suggests the use of this agitator

to improve many other industrial processes.

The viscous liquid phase, initially suspended in the free surface of the liquid phase, is dragged into
liquid bulk and elongated, as a result of the stretched flow. This is the earliest step of the dispersion
process between two immiscible liquids and is performed by the dragging of the viscous phase in a
helical way around the impeller axis until the impeller flat-disk. Then, filamentous-like viscous
structures are produced and expulsed from the impeller blades into the liquid bulk. Such filaments
have an amorphous and unstable shape and they are easily elongated and perturbed by the flow
properties. The impeller flow periodicity, the high levels of the velocity fluctuation, the vortex
field and the turbulent energy dissipation rate among others, participate in the filament rupture.
Details of these variables were compared in two perspectives: initially, from a global point of view
to understand the hydrodynamics in the whole system, and from a local region placed near the tank

wall at small scale.

The flow pattern obtained by the Scaba impeller is in agreement with other studies previously
reported for radial impellers; two large eddies symmetrically distributed in the upper and the lower
zone of the impeller were observed. However, special attention should be paid to the flow in the
impeller discharge. This zone holds the largest velocity fluctuations in the tank and contains the
major turbulent energy dissipation rate. Moreover, in the core of the impeller blades, the velocity
vectors are concentrated in the impeller centerline. Such effect is produced by the curvature of the

impeller blades (remember that the blades of the Rushton turbine are flat) but this has not received
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enough consideration. The importance of this phenomenon is the turbulence promoted in the zone,

reflected in the fluid elements elongation and reshaping.

Another characteristic of this zone is the formation of two vortices of the same size and opposite
rotation, separated by the radial centerline of the impeller blades axis. This flow behavior deforms
and elongates the amorphous filaments expelled by the impeller blades and the core of each vortex

(low pressure zones) tense the elements.

The purpose of making dispersions is the improvement of the mass transfer process, which is
enhanced by promoting the size reduction of the elements in the dispersion. The mechanism to
explain the fragmentation process has been proposed considering the turbulent flow properties, in
accordance to the high-speed video registers and comparing the object size reduction. This
mechanism assumes that large objects are perturbed and reshaped exclusively in the zone of the
impeller discharge; if inertial forces overcome the superficial forces the fragmentation takes place.
Only those elements receiving enough energy to increase the surface are fragmented. The
maximum turbulent energy dissipation rate is located in the impeller flow discharge. This fact
suggests that mixing and mass transfer in the micro scale occurs mainly in the impeller flow

discharge; in the rest of the tank, isotropy is more evident.

In the rest of the liquid bulk, far away from the impeller discharge, both drops and bubbles recoil
and adopt spheroidal shapes due to the predominance of the superficial forces, the small velocity
fluctuations and the lost of energy in the fluid. It was shown that the size reduction process
depends on the stirring time and is limited by the equilibrium among inertial, viscous and
interfacial forces. Although fragmentation is more frequent in the beginning of the stirring, the

object size tends to achieve the steady state after certain time.

The gas phase distribution has been evaluated from visual registers and analyzed quantitatively
with the dimensionless Froude number. Gas flooding was avoided, but the gas phase was poorly
distributed; i.e. the air bubbles occupy mainly the upper part of the tank and higher power inputs
are needed to improve the gas phase dispersion below the impeller. In contrast, the oil phase is
better distributed, i.e. the oil drops occupy the entire system. In order increase accuracy in

obtaining the drop size distribution, drops were measured from two perspectives: a global view of
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the system and a small zone captured with a magnification lens in the neighborhood of the tank

wall.

It was learned that the castor oil disruption is faster than the gas phase fragmentation or the fresh
biomass breakup when they are exposed to the same flow pattern; for instance, the average oil
drops diameter is smaller than the average gas bubbles diameter. One reason is that the interfacial
tension between the oil-phase and the water-phase is smaller than the corresponding one between

the air-phase and the water-phase.

Previous reports have demonstrated that live cells have certain resistance to the hydrodynamic
stress; however, the sensitivity of the cells aggregates —like the fungus pellets or multi-cellular
microorganisms-, and the effects of the shear stress have received less attention. It was showed that
inertial forces overcome the fungal tensile strength and limit the size of the fungus pellets in the

absence of other components that could modify the rheological properties.

The small region that was studied in the neighborhood of the tank wall revealed interesting points.
The instantaneous velocity of the individual objects, like the oil drops, was documented as a factor
involved in the surface renewal, one condition in the turbulent mass transfer process. The flow
pattern observed in the plane 6z remained unchanged when the rheological properties were varied,
which suggests flow regime independence. This fact could be explained on the basis of the low
energy that prevails in the zone, which suggests that energy could be spent mainly in the transport

of the elements rather than in the mass transfer process.

The specific area that is available for the mass transfer process was estimated for both the oil-water
interface and the gas-water interface. Such property had been estimated in the past, but rarely was
related with the velocity field that prevails in the system. The influence of the vortices, velocity
fluctuations and the dissipation rate has not been discussed. This scheme opens the possibility to
investigate other regimes as well as the application of the photographic technique to measure in
situ the object size or the individual velocities. It is also suggested to explore the filaments

production formed with an oil phase that exhibits different rheological properties.
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APPENDIX

A-1 MatLab programs

1. Algorithm to process the drops diameter

o

% Algorthm to process the drops diameter
drops were measured using Image-Pro® Plus V. 5.2
Media Cybernetics,USA)

90—~ oo

oe

Last modified: 24 August 2011

oe

o

% Processing drops
Program to plot the individual diameters and
velocity vectors

o

o

% This section is to process drops radius

clear all

load('oillrpm300.mat"');

$this file contains x,y,area, lengt and

radius

xyr=unnamed(:, [1:2,5]); % only x y and radius
g=size(xyr); % lengths of rows and
columns

datos=q(1l); % the number of data

o

% Estimation of error between the radius of the same
drop
m=1; n=1; b=[]; % b => indicates where error is
greater than 35%
for i=1l:2:datos;
J=i+1;
a(m)=abs ((xyr(i,3)-xyr(3,3))/(xyr(i,3)));
if a(m)>0.30; b(n,1)=1i; n=n+l;
else n=n;
end
m=m+1;
end
clear m n a g 1 j datos
%% This section eliminates false meassurements
n=length(b);
xyrbis=xyr;

for i=n:-1:1;
k=b(i);
xyrbis(k+1, :)=[];
xyrbis(k, :)=[];
end

g=size (xyrbis);
datos=q (1) ;
% Estimation of error between the radius of the same
drop
m=1; n=1; b=[]; % b => indicates where error is
greater than 30%
for i=1:2:datos;
J=1i+1;
a(m)=abs ((xyrbis (i, 3)
xyrbis(j,3))/ (xyrbis (i, 3)
if a(m)>0.30; b(n,1)=
else n=n;
end
m=m+1;
end

)) i
i; n=n+1;

clear i n m xyr
% This section eliminates those diameters with
errors greater than 30%
m=length (xyrbis) ;
n=1;
for i=1:2:m;
xyr(n, [1:2])=xyrbis (i, [1:2]);
xyr(n,3)=(xyrbis (i, 3)+xyrbis(i+1,3))/2;
% this file contains x y and the average of
radius

n=n+1;
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end
clear mn a b g i j k datos

%% This section plots diamenters of drops along the
images sequence

a=size(xyr);
values=0:0.001:10;

figure('Color', [1 1 11);

for i=1:(a(l)) %$This cycle plots the individual
drops

r= xyr(i,3);

xa=r*cos (pi*values); yb=r*sin(pi*values);

$plot ((xyr(i,1l)+xa), (xyr(i,2)+yb),'k', 'Color', [0 O
0], 'LineWidth"', 2)

i=i+1;

axis square

hold on

end

box ('on');

hold('all'");

clear a i r xa xb yb values

%% Plot the PDF vs diameter
d=2*xyr(:,3)./1000; %drops diameter in mm
clear var

var=d;

clear X; clear Y;
X=min(var):0.001:max (var) ;
rango de la variable
Y=normpdf (X, mean (var), std(var)); %
calcula la PDF

figure

$plot(X,Y, 'k") % grafica pdf
vs la variable

$% estimates d32
d(:,2)=d(:,1)."3; d(:,3)

, d(:,1).72;
d32=sum(d(:,2))/(sum(d(:,3)))

o\

% This section prepares the vectors vx and vy
$Estimates vx en m/s
t=1/5130; % difference time between frames
g=length (xyrbis);
m=1;
for i=1:2:q;
j=i+1;
vx(m)=(xyrbis(j,1l)-xyrbis(i,1))/t/1000000;
Sunits: m/s

m=m+1;
end
$plot (vx)

clear m 1 j

$Estimates vy en m/s
m=1;
for i=1:2:q;
J=1i+1;
vy (m)=(xyrbis(j,2)-xyrbis(i,2))/t/1000000;
$units: m/s
m=m+1;
end
clear m 1 j
x=xyr(:,1); y=xyr(:,2);
quiver (x,y,vx',-vy','r', 'LineWidth',1) %$Quiver
plot of vectors vx and vy
clear xyrbis g t
%% This section extimates the magnitud of v
v=sqrt (vx.”"2+vy."2);
v=v';
max (v) ;
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%% Plot the PDF vs velocity

var=v;

clear X; clear Y;

X=min(var) :0.001:max (var) ; % rango de la
variable

2. Algorithm to study the flow field

o

Algorithm to study the flow field
Last Modified: August 2th 2011

o

R

o

% Load the file and define properties
The file contains x z positions vx and vz
clear all

o

oe

% C:\Users\Rene\Documents\Proyecto Doc\TESIS\Matlab
load xyuvstd300rpm

%ro=1000; mu=le-3; po=10le3; % water density,
water viscosity power????

%% Prepare the vector field (using the quiver
function)

clear x y u v dsu dsv yl y2 x1 x2 b

unnamed=xyuvstd300rpm;

x=reshape (unnamed(:,1),62,62); y=reshape
(unnamed(:,2),62,62);

u=reshape (unnamed(:,3),62,62); v=reshape
(unnamed(:,4),62,62);

dsu=reshape (unnamed(:,5),62,62);
dsv=reshape (unnamed(:,6),62,62);

clear xyuvstd300rpm unnamed

yl=6; y2=58;
%yl=6; y2=44;
x1=3; x2=36;

b=(x2:-1:x1);

x=x(b,yl:y2)"'; y=y(x1l:x2,yl:y2)";
u=-u(xl:x2,yl:y2)"'; v=v(xl:x2,yl:y2)"';
dsu=-dsu(xl:x2,yl:y2)"'; dsv=dsv(xl:x2,yl:y2)"';

clear x1 x2 yl y2 b

%% plot the velocity

vel=sgrt (u.”2+v."2);

velfluct=sqgrt (dsu.”2+dsv."2);

contourf (x,y,vel, 20)

hold on

quiver (x,y,u,v,'k"', 'AutoScaleFactor',6)
axis square off

title 'vel'

colorbar

% plot the velocity fluctuation

figure

contourf (x,y,velfluct, 20)

hold on

quiver (x,y,u,v,'k"', '"AutoScaleFactor',6)
axis square off

colorbar

title 'velfluct'

$print -dtiff vectorfield

%% zoom in in the impeller disharge

y7=4; y8=28;
x7=12; x8=33;
figure

xzoom=x (x7:x8,y7:y8); yzoom=y(x7:x8,y7:y8);

Rene SANJUAN-GALINDO

Y=normpdf (X, mean (var), std(var)) ; % calcula la
PDF
plot (X,Y,'r") % grafica pdf

vs la variable

uzoom=u(x7:x8,y7:y8); vzoom=v(x7:x8,y7:y8);
dsuzoom=dsu (x7:x8,y7:y8); dsvzoom=dsv(x7:x8,y7:y8);

clear x7 x8 y7 y8
% plot the velocity in the zoomed area

hold on

vel=sqgrt (uzoom."2+vzoom."2) ;
contourf (xzoom, yzoom, vel, 20)

quiver

(xzoom, yzoom, uzoom, vzoom, 'k', 'AutoScaleFactor', 2)
colorbar

title 'vel_zoom'

% plot the velocity fluctuation in the zoomed area
figure

velfluct=sqrt (dsuzoom.”"2+dsvzoom."2) ;

contourf (xzoom, yzoom, velfluct, 20)

hold on

quiver

(xzoom, yzoom, uzoom, vzoom, 'k', 'AutoScaleFactor', 2)
colorbar

title 'vel_fluct_zoom'

clear y7 x7 y8 x8 x y u v dsu dsv
$print -dtiff zoomvectorfield
%% Kinetic energy (ke) in the zoomed area

ke=3/4* (dsuzoom."2+dsvzoom."2) ;
figure
contourf (xzoom, yzoom, ke, 30)
colormap summer

title 'ke'

hold on

quiver (xzoom, yzoom,uzoom, vzoom, 'w', 'AutoScaleFactor'
,2)

colorbar

% ('peer',axesl, 'LineWidth', 1, 'FontWeight', "1light"', ..

% 'FontUnits', 'centimeters', ...

% 'FontSize',0.8, 'FontName', '"times"');
axis square
axis off

%% Energy dissipation rate (edr) in the zoomed area

clear A L edr edrbis

A=1; L=0.07/10;
edr=(velfluct.”3).*(A/L);
figure
contourf (xzoom, yzoom, edr, 30)
colormap summer

title 'edr'

hold on

quiver (xzoom, yzoom, uzoom, vzoom, 'w', 'AutoScaleFactor'
,2)

colorbar

% ('peer',axesl, 'LineWidth', 1, 'FontWeight', "1ight"', ..

% 'FontUnits', 'centimeters', ...

% 'FontSize',0.8, 'FontName', '"times"');
axis square
axis off

clear A L
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3. Algorithm to prepare the PDF function for the bubbles or drops diameter

%% Algorithm to prepare the PDF function for the bubbles or drops diameter

Last modification: August 24th, 2011

% C:\Users\Rene\Documents\Proyecto Doc\TESIS\Matlab
load airbubbles.mat % This file contains the bubbles diameters
% 300 rpm full vision

% This section estimates and plots the PDF function vs the bubbles diameter
var=b(:,1);

X=min(var) :0.01l:max (var) ;
Y=normpdf (X, mean (var),std(var)) ;
hold on

plot(X,Y,'-b")

mean (var)

std(var)

$clear X Y

o

rango de la variable
calcula la PDF

o

o

grafica pdf vs la variable

Rene SANJUAN-GALINDO
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A-2 Statistical tools

The mean () of a data set is defined by Eq. A.1 (Ramachandran and Tsokos 2009). Considering

that n is the number of elements, then

f=%§n:xi (A.1)

i=1

The variance (02) is defined as (Ramachandran and Tsokos 2009):

o2 = <n1 1Z(xl- - f)2> (4.2)

The standard deviation (0) was computed as (Ramachandran and Tsokos 2009)

1 < :
o= (n = 1Z(xi - f)2> (4.3)

But some authors use

= <%Z(xl- - f)2> (4.4)

The single difference between A.3 and A.4 is the factor n — 1.

The average deviation (&) (Ramachandran and Tsokos 2009):

5= |y~ (4.5)

References for this section:
Mathieu J., Scott J. 2000. An introduction to turbulent flow. Cambridge University press. USA.
P.51
Ramachandran L. M., Tsokos C. P. 2009. Mathematical statistics with applications. Academic
Press. USA.
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ABSTRACT: It is well known that helical ribbon (HR) impellers exhibit poor bottom pumping properties. Three
different HR impeller geometries, varying in their bottom design, are compared in terms of their mixing performance.
Particular emphasis is given to the improvement of pumping capabilities. The selected bottom geometries were a
standard bottom termination, an anchor-type termination and a paddle-type termination. The investigation was based on
the use of 3D finite-element simulation to assess the hydrodynamics and mixing performance using various distributive
and dispersive criteria. Analysis of Poincaré maps showed that an HR with a paddle-type termination operating in a
down-pumping mode offered the best performance. © 2011 Curtin University of Technology and John Wiley & Sons,

Ltd.

KEYWORDS: CFD; helical ribbon; paddle bottom; mixing; Poincaré map

INTRODUCTION

Vessel-based mechanical mixing involving viscous
media is an essential operation in industrial sectors
such as pharmaceutics, chemistry, oil and many oth-
ers. In such processes, the quality of the final product
depends on the homogenization obtained, which is a
consequence of the operating conditions. This topic has
been previously investigated using numerical and exper-
imental methods.!'~3

In practice, the mixing of viscous liquids in stirred
tanks is often done using close-clearance impellers
such as helical ribbons (HRs). Although open impellers
are sometimes used for the agitation of moderately
viscous fluids (less than a few tens of Pascal seconds),
macromixing with HR-type impellers is well accepted
even if the lower side of the mixing vessel is prone
to spurious flow phenomena, such as segregated and
compartmentalized regions, as a consequence of the low
pumping capacity.

The available literature investigating the HR mixing
performance is quite diverse. The geometrical features
of the HR are one of the most studied aspects: single rib-
bon, double ribbon, impellers with or without an inner

*Correspondence fo: Mourad Heniche, URFEL, Department of
Chemical Engineering, Ecole Polytechnique de Montréal, Montreal,
Quebec HIC 3A7, Canada. E-mail: mourad.heniche & polymitl.ca

& 2011 Curtin University of Technology and John Wiley & Sons, Lud.

Curtin University is a rademark of Curtin University of Technology

screw fixed along the central shaft, even used in flat-
bottom cylindrical tanks or in dished-bottom tanks, have
all been analyzed in previous works.""* Beckner and
Smith'®! and Brito-de la Fuente er al.l”’ have reported
on the power drawn for HR agitating both Newtonian
and non-Newtonian liquids. Delaplace er al.'*! provided
a detailed description of the application of HR in indus-
trial processes, emphasizing the effects that geometrical
parameters, such as the number of ribbons, pitch size
(p), blade width (w) or bottom/wall clearance. have on
the circulation and mixing times,

Experimental studies of macroscopic parameters for
small mixing volumes (<75 L) have been the main
topic of many published reports, including both New-
tonian and non-Newtonian fluids.!" 7"

From the perspective of numerical analysis, one of
the pioneering CFD works focused on the mixing per-
formance of HR impellers in cylindrical vessels is the
contribution made by Tanguy et al.l*! They developed
a three-dimensional model (validated experimentally)
based on the finite-element method for the analysis of
an HR-screw impeller. The authors reported good lig-
uid circulation at low impeller speeds (10 rpm) and
showed evidence of poor pumping in the vessel bot-
tom. They noticed that the segregation increased upon
increasing the impeller speed. In subsequent numerical
works developed for diverse HR geometries and fluids

of several rheological behaviors, Rauline er al /! and
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High-speed visualization of multiphase dispersions in a

mixing tank

Eliane Guevara-Lépez®, René Sanjuan-Galindo®, Ma. Soledad Cérdova-Aguilar®,
Gabriel Corkidi®, Gabriel Ascanio?, Enrique Galindo®*
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ABSTRACT

A high-speed video system was used for studying multiphase dispersicns by image analysis. A high-speed video
camera, coupled to a stereomicroscope was used to record the dispersion ocourring in @ mixing tank. A high intensity
direct light probe submerged in the liquid was used for illumination. Sequences of 200 images (512 x 384 pixels) at
rates up to 5130 frames/s (fps) and magnification up to 11x were obtained and analyzed. A detailed observation of the
mixing dynamics at a high video rate allowed visualizing how oil drops and air bubbles move and interact. Velocity of
the objects could be calculated at different focal planes. Rotational movement and trajecteries in different directions,
depending on the physicochemical properties of the system could be observed and recorded. The implemented
methods also allowed the recording of the deformation of complex drops and were useful to discern situations of
inclusions of objects (ie. bubbles inside oil drops) in multiphase dispersions under power inputs up te 0.50kW/m?.
© 2008 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved,

Keywords: High-speed video; Multiphase dispersion; Drop and bubble trajectories

1. Introduction

Two or more phases {gas-liquid, immiscible liquid-liquid
and selid-liquid dispersions) are involved extensively in the
chemical, biochemical, petroleum, mining, pulp and paper
industries (Leng and Calabrese, 2004), as well as in other indus-
trial processes which carry out oxidations, hydrogenations
and aerobic fermentations (Paul et al,, 2004). The gas and the
immiscible liquid are present in the form of small bubbles and
drops to yield a large surface area, as well as to improve the
mass transfer efficiency, which is a key parameter for the suc-
cessful performance of the process. The composition of the
dispersion and the operational parameters of the bioreactor
control the coalescence-breakup events (Lagisetty et al., 1986)
and hence they determine the size distribution of drops and
bubbles (Leng and Calabrese, 2004).

Image analysis technigues are valuable tocls that can
provide insights of interesting hydrodynamic phenomena
eccurring in multiphase systems, since these techniques have

* Corresponding author. Tel: +52 55 56227651,
E-mail address: galindo@ibt.unam.mx (E. Galinde).
Received 28 July 2008; Accepted 29 July 2008

allowed the cbservation of phase interactions resulting in
complex structures (e.g. inclusion of air bubbles and aque-
ous droplets inside oil drops) (Larralde-Corona et al., 2002),
phenomena not evidenced with studies focused only in the
hydrodynamics or even with non-high-speed visualization
techniques. This is why the use of high-speed camera systems
to evaluate dispersion processes by image analysis has been
recently reported (Lovick et al, 2005). However, the experi-
ments performed have been limited to characterize two-phase
systems.

Our research group has been working with image analy-
sis systems for the characterization of complex multiphase
dispersions, using as a model system a fungal fermenta-
tion process that produces natural aroma compounds (e.g
coconut and peach) (Serrano-Carredn et al., 1997). The image
analysis system used in prewious works (Galindo et al., 2005)
consisted of a 30fps-CCD (frames/s, charge-coupled device)
camera adapted to a stereomicroscope and a high-energy stro-
bascape lamp which feeds a submergible light probe placed

0263-8762/% - see front matter & 2008 The Institution of Chemical Engineers. Published by Elsevier B.V, All rights reserved.

doi:10.1016/).cherd 2008.07.013
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USO DE VIDEO DE ALTA VELOCIDAD PARA ENTENDER LA FORMACION Y DINAMICA DE
ESTRUCTURAS MULTIFASICAS EN TANQUES DE MEZCLADO
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Introduccion. Nuestro grupo de investigacion ha
trabajado desde hace varios afios en el disefio y
aplicacion de metodologias de andlisis de imagenes para
la caracterizacién cuantitativa y dinamica de las
dispersiones que ocurren dentro de un sistema modelo
multifasico (1). De esta manera, se ha podido visualizar la
presencia de gotas multifasicas (burbujas y pequefas
gotas de la fase acuosa, dentro de las gotas de aceite), lo
que implica fenomenos complejos de transferencia de
masa (1).

El objetivo del presente trabajo es presentar nuevos
enfoques experimentales implementados en nuestro
laboratorio para estudiar detalladamente la formacion y el
movimiento de las estructuras complejas en sistemas
modelo multifasicos.

Metodologia. Se adquirieron videos con una camara de
alta velocidad (Motion Pro HS-4, Redlake, USA) utilizando
los diferentes arreglos experimentales presentados
previamente (1, 3). La caracterizacién dinamica de la
dispersion se realiz6 siguiendo la metodologia reportada
en (2), con el medio de cultivo para Trichoderma
harzianum (1) como fase dispersa y 0.25 vvm de aire, asi
como una solucion de 0.6 % w/v carboximetilcelulosa
como sistema no Newtoniano. La observacién de los
mecanismos de formacion de estructuras, se hizo de
acuerdo a la metodologia reportada en (3), modificando la
tensiéon superficial de algunos sistemas con 0.2 g/L de
BSA. La distribucién de tamafios y las trayectorias de
gotas de aceite y burbujas de aire se determinaron con
las herramientas del programa Image-Pro Plus v.5.1
(Media Cybernetics, USA) (1, 2).

Resultados y discusion. En el sistema Newtoniano se
visualizé que los objetos se mueven en diferentes
direcciones (figura 1a), calculandose una velocidad
promedio de 27 cm/s. En el sistema no-Newtoniano, las
gotas mostraron un movimiento lineal con inclinacion de
-22° con respecto al eje vertical. Las velocidades fueron
menores con respecto al sistema Newtoniano y los
objetos del primer plano (enfocados) se mueven mas
lentamente que los del fondo (no enfocados) (figura 1b).
En otro ensayo se visualizé que las gotas de aceite se
deforman por impacto al entrar en el agua y tocar fondo y
cuando recuperan su forma esférica dentro del agua,
incorporan gotas de agua en su interior, siendo éste uno
de los mecanismos probables que contribuyen a la
formacion de estructuras multifasicas en el tanque de
mezclado (figura 2) ya que este tipo de deformacion

puede ocurrir al chocar las gotas con las paletas del
impulsor. Las burbujas de aire pueden introducirse en las
gotas de aceite por contacto y coalescencia entre gotas y
burbujas (datos no mostrados).

Fig. 2. Gota de aceite deformada e inclusién de la fase continua.

Conclusiones. Utilizando video de alta velocidad se
visualizé la forma en que las gotas de aceite y las
burbujas de aire se mueven e interactian. La velocidad y
trayectoria de estos objetos se pueden calcular en los
diferentes planos de enfoque, las cuales varian
dependiendo de las propiedades fisicoquimicas del
sistema. Las pequefias gotas de agua dentro de las gotas
de aceite se introducen por impacto y deformacion,
mientras que en algunos casos la presencia de burbujas
se debe al contacto y coalescencia.

Agradecimiento. Apoyo financiero de CONACyYT (proyecto
59807).
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In these images we show the process through which an emulsion is formed. An emulsion is a mixiure of liguid drops
suspended in another liguid.

In the process to disperse a viscous oil in water in a stirred tank, filaments are produced before droplets became
formed. The impeller blades drive the oil and pushed it radially into the liquid bulk. In this step, filaments suffer
elongation due to the fluid forces that make them thinner. This set of photographs were obtained using a high
speed camera, it can be noticed that filaments are highly unstable and easily deformed, what induces that breakage
occurs unexpectedly. The broken filaments recoil at the time they are dispersed and finally droplets are produced.

Reporters and Editors
Reporters may freely use this image. Credit: Universidad Nacional Autonoma de Mexico (UNAM) (2010).
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