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Abstract
Present studies showed the ability of spray processing to tailor the morphology
of simple or double emulsion based fluid systems as investigated for two air assisted nozzle geometries under various process conditions. For the air assisted
nozzle, the spray process parameters were varied concerning air to liquid flow
ratio (GLR), spraying pressure, and total flow rate. The results depicted that
the emulsion flow inside the nozzle (liquid-cap) as well as in the spray (outside
nozzle) have distinct big impact on the resulting product structure due to the
respective flow stresses acting. Increasing flow stresses to a supercritical level can
lead to an additional significant dispersing impact of the dispersed fluid phases.
Besides the process parameters, the material properties of the sprayed emulsion
system such like viscosity ratio (λ) of dispersed to continuous phase and interfacial
tension have been varied. The results showed that the stability of the dispersed
phases increased with the investigated viscosity ratio λ from 0.32 to 30. Critical
representative dimensionless numbers the ‘liquid Weber number (W el,Drop,cr )/λ’
and the ‘gas Weber number (W eg,Drop,cr )/λ’ were defined to describe the effects
of liquid-cap-tip flow and air-assisted spray flow respectively for preserving microstructure of the treated emulsion. Above these critical Weber numbers, the
dispersed phase drop sizes were exponentially decreased due to the stresses acting
during liquid flow inside the nozzle or in the spraying. Viscosity and dynamic
0
00
moduli (G , G ) of emulsions increased with decreasing droplet size of the dispersed phase(s) thus altering the spraying performance but as well the properties
of the liquid product systems reconstituted from resulting powders. A critical gas
Weber number, W eg,N ozzle,cr , for spray droplet (tertiary droplet) has also been
defined, which gave information on the smallest spray droplets attained with the
dispersed droplets remaining unchanged.
The impact of the gas Weber number (W eg,N ozzle ) on the spray (tertiary) droplet
using internal (INMIX) and external (EXMIX) mixing nozzles was studied. High
speed videography and laser shadowgraphy were applied to visualize the liquid
spray filament stretching and breakup, as well as the velocity distribution in the
spray, especially in the Rayleigh to fiber-type filament breakup domain. The
spraying regime, in which the secondary droplet are kept mostly unchanged, was
defined. It was found that the Rayleigh to membrane-type filament breakup
provided emulsions with unchanged structure. During CaBER measurement, the
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Abstract
emulsion drop size distribution was found unchanged up to ten successive filament stretching (only extensional flow stresses). Consequently, a pressure controlled rotary atomizer was designed to study the emulsion filament stretching
and spray drop formation due to centrifugal forces by variable rotational speeds
and applied pressures. The results showed that the filament length and drop size
decreased with increasing rotational speed at a given total liquid pressure (centrifugal pressure plus static pressure) or flow rate, and the filament length and
drop size increased with increasing pressure (or throughput) at a given rotational
speed.
Chilling-solidification of the spray particles was also applied in selected cases.
Prilling (spraying + chilling) was carried out for different emulsion systems in
a prilling tower applying average temperatures of about -10 o C (higher melting
fat-continuous emulsions) down to -50 o C (oil- or water-continuous emulsions)
in order to produce solid particles from the emulsions investigated. The microstructure of the solidified spray powder particles was analyzed in further detail
by cryo-scanning electron microscopy (Cryo-SEM). Concerning emulsion structure
in the products, the results clearly demonstrated that the disperse structure can
differ significantly from the initial emulsion structure. The respective processstructure functions were quantified.
For emulsion based spray powders, their applicability and adjustability as functional component carriers for controlled release is of big interest in different industries such as food, pharmaceutical and cosmetics. Consequently we designed an in
vitro gastric/duodenal release experimental setup to quantify the release kinetics
of functional components encapsulated/embedded in the dispersed phase(s). Accordingly, an iron compound (micronutrient) was encapsulated into the primary
and/or secondary dispersed droplets of the emulsions, and solid emulsion powder
particles were produced through prilling process using our selected twin fluid atomizers. In a first testing step, the iron release kinetics for selected products were
systematically investigated in an in-vitro gastric system at pH ≈ 2.0, and was
quantified as a function of prills particle size, emulsion drop size (secondary drop)
and storage time.
In brief, a correlation between the impact of emulsion rheology on the spray process
(property-process relationship), process parameters effecting the different structural levels of emulsion spray droplet (process-structure relationship), and the
significance of emulsion prill powder structures on the functional properties of
final product (structure-property relationship) were demonstrated.
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Zusammenfassung
Studien zeigten für zwei druckluftunterstützte Düsengeometrien bei unterschiedlichen Prozessbedingungen, dass mittels Sprühverfahren die Morphologie von Einfach - und Doppelemulsionen massgeschneidert werden kann. Bei den druckluftunterstützten Düsen wurden die Parameter Luft zu Flüssigkeits Volumenstrom
- Verhältnis (GLR), Sprühdruck, und Gesamtvolumenstrom variiert. Die Ergebnisse zeigten, dass die Emulsionsströmung sowohl in der Düse (liquid - cap) als
auch im Spray (ausserhalb der Düse) aufgrund der unterschiedlichen Strömungskonditionen verschieden grossen Einfluss auf die resultierende Produktstruktur
nehmen. Die Erhöhung der kritischen Strömungs-Fliesss-pannungen können zu
zusätzlichen signifikanten Auswirkungen auf die dispergierten fluiden Phasen führen.
Neben den Prozessparametern wurden die Materialeigenschaften der Emulsion wie
das Viskositäts - Verhältnis von disperser und kontinuierlicher Phase (λ) und die
Grenzflächenspannung variiert. Das Ergebnis zeigte, dass die Stabilität der dispergierten Phase(n) im betrachteten Viskositäts - Verhältnis-Bereich von disperser
zu kontinuierlicher Phase von 0.32 bis 30 anstieg. Die kritischen, repräsentativen
dimensionslosen Kennzahlen ‘Fluid Weber - Zahl (W el,Drop,cr )/λ’ und ‘Gas Weber
- Zahl (W eg,Drop,cr )/λ)’ wurden definiert, um die Wirkung der Fluid-Strömung
in der Düse und der druckluftunterstützten Sprühstrahl-Ausbiedung zur Erhaltung der Mikrostruktur der behandelten Emulsion zu untersuchen. Oberhalb
dieser kritischen Weber - Zahlen nahm die Tropfengrösse der dispersen Phase aufgrund Strömungs-Spannungen während Flüssigkeitsdurchströmung in der Düse
oder beim Sprühen exponentiell ab. Die Viskosität und dynamischen Moduli
(G0 , G00 ) der Emulsionen nahmen mit abnehmender Tröpfchengrösse der dispersen
Phase(n) zu, was zu Veränderungen der Sprühleistung aber auch der Eigenschaften
der aus solchen Pulvern rekonstituierten flüssigen Produkte führte. Die kritische
Gas Weber - Zahl ‘W eg,N ozzle,cr ’ für Sprühtropfen (tertiäre Tropfen) wurde ebenfalls definiert, welche Informationen über die kleinsten herstellbaren Sprühtropfen
gibt, bei welchen die disperse Tropfen-grösse unverändert bleibt. Die Auswirkungen der Gas Weber - Zahl (W eg,N ozzle ) auf die (tertiäre) Sprüht Tropfen-grösse
bei interner (INMIX) und externer (EXMIX) mischung wurden untersucht. Die
entsprechende Hochgeschwindigkeits - Videografie und Laser Shadowgraphie wurden angewandt, um die Sprühflüssigkeits - Filament - Dehnung und den Aufbruch, sowie die Geschwindigkeitsverteilung des Sprays, insbesondere im Bereich
des Rayleigh - Filamentaufbruch, zu visualisieren. Das Sprühprozess Regime,
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Zusammenfassung
in dem sekundäre Tropfen weitgehend unverändert bleiben wurde definiert. Es
wurde festgestellt, dass der Rayleigh bis Membran - Type des Filament - Aufbruchs zu einer schonenderen Tropfenbildung führt, welche die Emulsionsstruktur unverändert beibehält. Daher wurde ein druckkontrollierter Rotationszerstäuber entwickelt, um die Emulsion - Filament - Dehnung und Sprühtropfenbildung durch Zentrifugalkräfte bei unterschiedlichen Drehzahlen und Drücken
zu studieren. Das Resultat zeigt, dass die Filamentlänge und Tropfengrösse
mit zunehmenden Drehzahlen bei gegebenem Gesamtflüssigkeitsdruck (Zentrifugaldruckdüse plus hydro - Statischen Druck) oder zunehmender Strömungsgeschwindigkeit abnimmt, und die Filamentlänge und Tröpfchengrösse mit zunehmenden Flüssigkeitsdrücken (oder Durchsatz) bei gegebener Drehzahl zunehmen. Kühlverfestigung der Sprühpartikel wurde ebenfalls in ausgewählten Fällen angewendet. Prilling (Sprühen + Kühlen) wurde für verschiedene Emulsionssysteme in einem Sprühturm unter Anwendung von durchschnittlichen Temperaturen von ca. - 10 o C (höherschmelzende fettkontinuierlicher Emulsionen) bis
zu - 50 o C (öl - oder wasserkontinuierliche Emulsionen) durchgeführt, um Feststoffpartikeln aus den untersuchten Emulsionen herzustellen. Die Mikrostruktur der
Feststoffpartikeln wurde weitergehnd durch Kryo - Rasterelektronenmikroskopie
(Cryo - SEM) analysiert. Bezüglich der Emulsionsstruktur in den Produkten
zeigte sich, dass bei nichtbeachtung der kritischen prozess-kriterien die disperse
Struktur signifikant von der ursprünglichen Emulsionsstruktur abweichen kann.
Die jeweiligen Prozess - Struktur - Funktionen wurden quantifiziert. Die Anwendbarkeit von emulsionsbasierten Sprühpulvern und ihre Einstellbarkeit als Träger
funktionaler Kompenenten für die kontrollierte Freisetzung ist von grossem Interesse in verschiedenen Branchen wie z.B. der Lebensmittel - , Pharma - und
Kosmetikindustrie. Daher entwickelten wir einen in vitro Magen / Zwölffingerdarm - Freisetzungs - Versuchsaufbau, um die Freisetzungskinetik funktionaler
Komponenten, welche in den dispersen Phasen eingebettet sind, zu quantifizieren.
Dementsprechend wurde eine Eisenverbindung (Mikronährstoff) in den primären
und / oder sekundären dispergierten Tröpfchen der Emulsionen verkapselt und
feste Emulsionspulverpartikel durch das Prillingverfahren mit ausgewählten Düsen
produziert. In einem ersten Testschritt wurde die Eisen Freisetzungskinetik für
ausgewählte Produkte systematisch in dem in - vitro Magen - System bei pH ≈ 2,0
untersucht und als Funktion der Prilling - Teilchengrösse, Emulsionstropfengrösse
(Sekundärtröpfchen) und Lagerzeit quantifiziert. Kurzum, wurde die Korrelation
zwischen Emulsionsrheologie und Prozess (Eigenschafts - Prozess Beziehung), die
Wirkung der Prozessparameter auf die verschiedenen strukturellen Aspekte der
Emulsionsprühtropfen (Prozess - Struktur - Beziehung), und die Bedeutung der
durch Prilling geformten Emulsionstrukturen auf die funktionalen Eigenschaften
des Endprodukts (Struktur - Eigenschaften - Beziehung) demonstriert.
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1 Introduction
1.1 Motivation
Emulsions are produced by mechanical dispersion/mixing-processes of two immiscible liquids (Leal-Calderon et al., 2007). The dispersed phase can be either
droplets of a single liquid (in case of simple emulsions), or an emulsion (in case of
double or multiple emulsions) (Aserin, 2008; Leal-Calderon et al., 2007). Emulsions are widely used in the field of food, cosmetics, pharmaceutical, packaging and
coating applications. They can have either hydrophilic or lipophilic cores that give
the opportunity to optimally encapsulate both polar and non-polar components
(McClements, 2010). In addition, double/multiple emulsions offer an advantage
over simple emulsions, as they have the capacity to hold both polar and non-polar
components in one, and can also be more efficiently tailored concerning release
properties by modification of interfacial layers. However, all such emulsions are
usually thermodynamically unstable (Florence and Whitehill, 1981). Phase structure and related phase separation phenomena more pronouncedly affect double
or multiple emulsions during long term storage or application. Consequently,
the microstructure of emulsions is a dynamically changing characteristics, which
correspondingly indicates the undesirable time dependent changes of their encapsulation capacity. Four basic mechanisms can describe the reasoning of the
emulsion instability, (i) creaming (low dense dispersed phase), (ii) coagulation
and precipitation (high dispersed phase fraction), (iii) drop coalescence (to reduce surface energy), and (iv) Ostwald ripening (due to the Laplace pressure
difference between large and small droplets) (Tadros and Vincent, 1983). Many
researchers have worked on stability characterization of emulsions to minimize
the above mentioned phenomena and tried to produce stable emulsions (Ficheux
et al., 1998; Frasch-Melnik et al., 2010; Garti, 1997; Li et al., 2011; Lutz et al.,
2009). Long term stability of double/multiple emulsions is still a non-solved issue.
Therefore, powder formation from emulsions would be a technological solution to
mostly overcome this problem. Solidified emulsion particles would not alter their
structure during storage. However, their initial structure preservation and proper
reconstitution have to be ensured.
Spray drying or spray-chilling (= prilling) can be used for large-scale production
of particles from emulsions. Both processes integrate the atomization step, which
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Figure 1.1: Schematic sequence of present work involving (a) double emulsion
preparation, (b) spraying of the emulsion at different process conditions with twin-fluid atomizer (air assisted nozzle), (c) testing and
analyzing of the particle microstructure, and (d) studying functional
properties (encapsulation/release).
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1.1 Motivation
applies high flow stresses to the sprayed liquid thus having high potential to impact on the spray drop size and their inner structure/morphology. Therefore,
the atomization of emulsions has to be studied in detail for better understanding
of the impact of spray-chill processing (prilling) on microstructure and related
properties. The atomization of single phase both Newtonian and non-Newtonian
fluids has been extensively studied during the last few decades, and described in
the literature for both jet- and twin-fluid atomizers (Ashgriz, 2011; Dumouchel,
2008; Eggers and Villermaux, 2008; Lefebvre, 1989; Schmelz and Walzel, 2003;
Walzel, 2010). Spraying of multiphase fluids (e.g. emulsion, suspension, foam
etc.) is a field of growing interest also in the context of industrial applications.
Some authors (Ballester et al., 1996; Bolszo et al., 2010; Broniarz-Press et al.,
2009; Jayasundera et al., 2009; Kim et al., 2012; Ochowiak, 2012; Schroeder et al.,
2012; Tratnig et al., 2009) have recently studied emulsion spraying, where they
mainly investigated the influences of process conditions and emulsion viscosity on
the spray droplet size more accurately. However, for spraying of emulsions for encapsulation purposes (Rodriguez-Huezo et al., 2004), atomization in a controlled
manner is necessary for maintaining the microstructure. Therefore, understanding of the microstructure transformations of emulsions during spraying is the main
focus of the study reported here. Changes in microstructure of emulsions (droplet
distribution and dispersed phase fraction), and spray droplet characteristics (Fig.
1.1) during atomization by twin-fluid atomizers is a function of (i) the material
properties (shear- and elongation viscosity, surface/interfacial tension between the
immiscible phases, relaxation time spectra of spray and emulsion drops), (ii) nozzle
geometry and related stresses experienced by the emulsion during flow within the
spray nozzle, (iii) mixing pattern of gas-liquid phase (internal or external mixing
of gas and liquid), and (iv) operational conditions (gas to liquid mass ratio, mass
flow rate, momentum ratio, temperature, pressure difference etc.) (Dubey et al.,
2011b, 2010; Dubey and Windhab, 2013). The aim of this study is to observe the
sustainability or dispersibility of emulsion-droplets (secondary droplets for both
simple and double emulsions, Fig. 1.2) contained in the (tertiary) spray drops
during spraying to define a technique for gentle emulsion spraying. Our present
study focuses on the effect of inner geometry of the spray nozzle (liquid-cap), gas
to liquid mass ratio (GLR), viscosity ratio of dispersed to continuous phase, and
their impact on the secondary droplet size distributions for simple and double
emulsions (Fig. 1.2). It also includes the change of secondary emulsion droplets
during spraying for different spray nozzle geometries (internal/external mixing
nozzles) at various operating conditions. From this study, we aim to derive optimum spray conditions to keep the internal structure of the emulsion unchanged
using commercial air assisted nozzle. The characterization of the spray droplets
(tertiary droplets) as a function of GLR, gas Reynolds number (Reg ), gas Weber
number (W eg ) for different structural levels is also included.
Main concern of the present study is to investigate the impact of the spraying
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process on the emulsion microstructure, which is generally characterized in terms
of (i) droplet size distribution of the different phase levels (Fig. 1.1), and (ii)
respective phase ratios. Consequently, main goal of this study is the development
of the design and scaling criteria of spray processing systems for the production
of well-defined microstructured solid particles from simple and multiple emulsions
through a prilling process. The produced solid particles should have well-defined
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Figure 1.2: Simple and double emulsion structures in a spraying droplet with denotation of the different levels of droplets.
emulsion-based microstructures with clearly defined inner cores and interfaces that
can serve as carriers/capsules of functional food/pharmaceutical components (e.g.
nutrients, flavor compounds, or drugs). The present work can be briefly summarized according to the following points, which will be described in detail thereafter:
(a) Systematic study of the influences of spray process and nozzle geometry parameters on the different levels (meso to macro) of structure of emulsions (primary,
r50,3 , secondary,X50,3 , and tertiary, d50,3 , droplets, Fig. 1.1). In this section, the
strategies for keeping the internal emulsion structure unchanged or further dispersed (if required) are elucidated.
(b) Description of the complex fluid rheology and surface/interfacial tension of
emulsion and dispersed/continuous phases to understand the impact of such material properties on the spraying as well as structure preservation of emulsions,
and the processability of highly disperse phase concentrated emulsion/multiple
emulsion capsule powders.
(c) Prilling investigation of simple and multiple emulsions and characterization of
the derived solid powder products in terms of size, size distribution and internal
microstructure (quantified by Cryo-SEM). For more defined emulsion based spray
powder testing concerning structure-property function characteristics an “encapsulation/release testing” setup was installed.
(d) A model nutrient (iron) was encapsulated as “functional marker” into selected
fat-continuous emulsion powder (prills) and iron release kinetics under adjusted
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in vitro gastric conditions was studied. The iron release kinetics was described as
a function of particle size, emulsion drop size and shelf life.
(e) For gentle spraying, an experimental study has been carried out using pressure controlled rotary atomizer that stretches the spray filament due to centrifugal
forces and pressure applied.

1.2 Literature review on emulsion spraying
The spray processing of emulsions and similar complex multiphase structured fluids are a growing field during the last decades (Ballester et al., 1996; Jayasundera
et al., 2009; Johansen et al., 2000; Lewandowski et al., 2012; Minemoto et al.,
2002; Rodriguez-Huezo et al., 2004). Spraying of emulsions is an attractive technology for research and industrial applications such as (i) to encapsulate material
in food and pharmaceutical industries (Dollo et al., 2003; Drusch, 2007; Fäldt and
Bergenstähl, 1996a,b; Gharsallaoui et al., 2007; Jafari et al., 2008b; Jayasundera
et al., 2009; McCarthy et al., 2012; Rodriguez-Huezo et al., 2004; Serfert et al.,
2013a,b; Taneja et al., 2013; Vega and Roos, 2006), (ii) to increase combustion
efficiency of fuel in combustion engines (Ballester et al., 1996; Bolszo et al., 2010;
Broniarz-Press et al., 2009; Kim et al., 2012; Ochowiak, 2012) or in power generating furnaces (Bhimani et al., 2013), (iii) application in agricultural/pesticide
technology (Matthews, 1989), (iv) to provide lubrication (Fujita and Kimura,
2012), cooling (Gradeck et al., 2011), surface cleaning and corrosion protection,
(v) polymerization (Shin et al., 2012) etc.
Main concern of the present study for spray processing using complex multiphase
fluids is aiming to encapsulate nutrients in functional food systems. Many research
groups have worked on spray-drying/prilling of emulsions or other structured fluids for encapsulation (Aghbashlo et al., 2012; Carneiro et al., 2013; Christensen
et al., 2001; Dollo et al., 2003; Drusch, 2007; Dubey et al., 2011a; Dubey and
Windhab, 2013; Fäldt and Bergenstähl, 1996a,b; Fuchs et al., 2006; Gharsallaoui
et al., 2007; Gouin, 2004; Jafari et al., 2008a,b; Jayasundera et al., 2002, 2009;
Johansen et al., 2000; Jones et al., 2013; Kim and Morr, 1996; Klinkesorn et al.,
2005; Lewandowski et al., 2012; Liu et al., 2001; Madene et al., 2006; McCarthy
et al., 2012; Minemoto et al., 2002; Re, 1998; Reineccius, 1989; Rodriguez-Huezo
et al., 2004; Rosenberg et al., 1990; Serfert et al., 2013a,b; Shin et al., 2012; Soottitantawat et al., 2005a,b, 2003; Taneja et al., 2013; Tang and Li, 2013; Vega and
Roos, 2006). They were mostly dealing with the spraying of simple emulsions
rather than multiple emulsions (Rodriguez-Huezo et al., 2004), and correlated the
final product quality in terms of spray process conditions. Spray processing of
multiple emulsions are more complex in terms of structure preservation (Dubey
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et al., 2011a) and controlling the encapsulation efficiency (Dubey and Windhab,
2013).
Several review articles (Desai and Park, 2005; Gharsallaoui et al., 2007; Jafari
et al., 2008b; Jayasundera et al., 2009; Jyothi et al., 2010) have been published
recently reviewing emulsion spray-drying for encapsulation purposes addressing
different concerns such as wall materials, process variables, encapsulation efficiency and applications.
Aghbashlo et al. (2012); Carneiro et al. (2013); Drusch (2007); Elofsson and
Millqvist-Fureby (2003); Fäldt and Bergenstähl (1996a); Jayasundera et al. (2009);
Jones et al. (2013); McCarthy et al. (2012); Rosenberg et al. (2000); Soottitantawat et al. (2005a); Taneja et al. (2013); Tang and Li (2013) reported on several
wall materials suitable for encapsulation including different types of polysaccharides (such as maltodextrin, gum arabic, soybean polysaccharides, modified starch,
cellulose derivatives, lactose etc.) and proteins (e.g. whey proteins, milk proteins
etc.) or their combinations. Jayasundera et al. (2009) reviewed recent developments on surface modification of spray dried emulsion powders. Gharsallaoui et al.
(2007); Jafari et al. (2008b); Jones et al. (2013); Rosenberg et al. (1990); Uddin
et al. (2001) discussed the influence of process parameters on spray-drying along
with wall-material effects on the final product encapsulation efficiency.
Fäldt and Bergenstähl (1996b); McCarthy et al. (2012) reported that the stability
of emulsion plays an important role for the encapsulation by spray-drying. Some
researchers (McCarthy et al., 2012; Serfert et al., 2013a,b) also tried to improve
the interface of the emulsion using proteins that increased the viscoelasticity of the
interface which in turn increased the encapsulation efficiency of the spray-dried
product. It is important that emulsion based powder can be redispersed after
spray drying, and the droplet size distribution of the emulsion remains the same
as before drying (pre-emulsion). The emulsion droplets were not affected by spray
drying and were well preserved in the powder matrix according to results received
by Dollo et al. (2003); Fäldt and Bergenstähl (1996b); Vega and Roos (2006). In
all these cases, they used emulsions with dispersed drops in the sub-micron range.
The stresses they applied during atomization were not large enough to impact on
the emulsion drop structure. However, processing variables such as flow stresses
acting inside the spray nozzle, and in the spray during atomization have a big
influence on bigger emulsion drops of several microns as reported by Dubey et al.
(2011b), and Soottitantawat et al. (2003).
Besides the material and release environment, the emulsion droplet size (microstructure) of emulsion based powders plays an important role for the release
kinetics (Dubey and Windhab, 2013; Minemoto et al., 2002; Rodriguez-Huezo
et al., 2004; Soottitantawat et al., 2003; Tan et al., 2005). Mostly, they reported
that the smaller emulsion droplet size exhibits the slower release kinetics of nutrient, and better encapsulation efficiency.
The dispersion of emulsion droplets during atomization is the most important
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for multiple emulsions, due to the similarity of the inner most and the continuous outer phases which may recoalesce. In the present study, the dispersion of
simple and double emulsions during spraying has been studied in further detail
and quantified with respect to pre-estimation or calculation of dispersed drop size
reduction or coalescence and observed preventive measures by choosing appropriate processing conditions for air-assisted and rotary atomization. The impacts of
emulsion structure within the prilled particle, particle size, and shelf-life on the
release kinetics of a model nutrient (iron) have been also quantified.

1.3 Chapter description
Chapter 2: Fundamentals of spraying
Spray fundamentals, different types of spraying methods including twin fluid atomization and rotary spraying, spray resigmes are discussed in this chapter.

Chapter 3: Materials and methods
This chapter is divided into four subsections,
(i) Materials: Basic information of the raw material used, and the emulsion system and their composition are deliberated in this section. (ii) Analytical methods: all the analytical techniques used for the characterization of emulsion, spray
and encapsulation are discussed briefly in this section. (iii) Physical properties:
Measured physical properties (such as density, shear and extensional viscosity, viscoelastic moduli, surface and interfacial tension) of sprayed emulsions and their
phases using different analytical techniques are reported here. (iv) Experiments:
Various steps of experimental procedures are described such as emulsification,
spraying and prilling of emulsions, rotary atomization etc.

Chapter 4: Results and discussion
Sequentially all the significant results are presented and discussed in this section,
which includes (i) spraying and prilling of emulsions, (ii) rotary atomization, and
(iii) encapsulation of iron into powder product and its release kinetics under in
vitro gastric conditions.
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Chapter 5: Conclusion
Subsequently, a concluding chapter is comprised to correlate the achievements,
emphasized concluding remarks and future visions.
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2 Spray fundamentals
Spraying of multiple emulsions is an attractive process for many industrial application possibilities (e.g. encapsulation) compared to other colloidal systems due to
the coexistence of several hydrophilic or lipophilic cores. Spray drying or prilling
of emulsions exist in many industrial applications especially in food industries.
However, double or multiple emulsions are rarely sprayed due to their structure
sensitivity against viscous and inertia stresses. Both spray-drying and prilling processes are integrated process of atomization followed by drying or chilling. Ashgriz
(2011); Dumouchel (2008); Lasheras et al. (1998); Lefebvre (1989); Sirignano and
Mehring (2000); Walzel (2010) have described different types of spray and atomization of liquids in details as a collective fundamental information. A spray is
defined as a flow of liquid into a surrounding gaseous medium to form individual
droplets (Dumouchel, 2008). The disintegration starts due to very high density
difference between gas and liquid, which is more than two orders of magnitude,
and the velocity of the injected jet with or without additional air flow. The formed
spray droplets have their individual diameter and velocity, therefore, they may collide and coalesce with other droplet. Surface tension, shear/extensional viscosity
and viscoelasticity of the liquid phases play also important roles. The important
spray characteristics are the droplet size and size distribution, the drop velocity
distribution, the spray density (number of droplets per unit volume), spatial drop
distribution, spray angle, and length of jet cores (Dumouchel, 2008). Practically, a
narrow size distribution is mostly desired in the production of granular products,
whereas small drop size is usually necessary in mass-transfer processes except in
countercurrent processes where the minimum drop size may be limited (Walzel,
2010).

2.1 Primary and secondary breakup
The spray production process of a liquid can be defined in three main steps, (i) the
ejection of a liquid flow, (ii) the primary breakup mechanism, (iii) the secondary
atomization (Dumouchel, 2008). Once the liquid jet leaves the nozzle orifice into
ambient air, the breakup process starts immediately by the so called primary
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breakup, when the liquid jet forms into ligaments and other irregular liquid elements (Shi and Kleinstreuer, 2007) as shown in Fig. 2.1 (a). Those irregular liquid
elements are unstable because they are subjected to relatively large drag forces
exerted by the surrounding gas, which will result in their deformation. Droplet
deformation can finally lead to different forms of secondary breakup determined
by the dimensionless W e number as shown in Fig. 2.1 (b).

2.2 Cylindrical liquid jets
Cylindrical jets are produced by forcing the liquid to pass through a cylindrical
tube (Dumouchel, 2008), and depending the pressure applied on the liquid. The
jet exhibits several disintegration mechanisms, which are commonly categorized
by breakup length (LBU ) as a function of the liquid average velocity (UL ). The
breakup length is the coherent portion of the jet, i.e., the length of the continuous
jet attached to the nozzle. The average issuing velocity is defined as the volume
flow rate divided by the exit section of the nozzle. In Fig. 2.2 (top), a typical
jet stability curve (Lefebvre, 1989; Lin and Reitz, 1998; Mc Carthy and Molloy,
1974) is schematized. Five breakup regimes are commonly observed and defined
as (i) region A: dripping regime, (ii) region B: Rayleigh instability regime, (iii)
region C: first wind-induced breakup regime, (iv) region D: second wind-induced
breakup regime, (v) region E: full atomization regime.

Dripping regime (A)
When the liquid velocity is very small, the drop is formed at the nozzle tip. The
drop constricts as long as the gravitational force exceeds the surface force (surface
tension based). The dripping regime (region A) corresponds to the situation until
the liquid velocity, UL0 , where drops are directly emitted from the nozzle exit
without the formation of a continuous liquid column (Fig. 2.2). The dripping
at the nozzle tip will occur until the liquid inertia force becomes larger than the
surface force, and the regime is well characterized by the liquid Weber number
versus liquid Reynolds number curve as shown in Fig. 2.3.

Rayleigh instability regime (B)
A liquid jet breakup process is observed at a low jet velocity condition also called
laminar jet disintegration (Rayleigh, 1878) or Rayleigh-type disintegration (region
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Figure 2.1: The spray production and spray droplet generation: (a) primary and
secondary breakup mechanism, and (b) droplet breakup mechanism
classes for different W e number domains (Shi and Kleinstreuer, 2007).
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Second wind-induced regime (D)
In the second wind-induced regime (region D, Fig. 2.2 and 2.3), the liquid jet
column is perturbed right at the nozzle exit and shows a very chaotic shape as the
perturbations grow (Dumouchel, 2008). The liquid flow turbulence is observed
due to the strong aerodynamic effect, and starts to form ligaments. When the
surrounding gas inertia force reaches equality to the surface tension force, the
second wind-induced regime is approached (Dumouchel, 2008; Walzel, 2010).

Atomization regime (E)
Lefebvre (1989) defined the atomization regime (region E, Fig. 2.2 and 2.3) as
a complete jet disruption and disintegration, which starts just at the nozzle exit
generating average drop diameters much smaller compared to the liquid jet diameter, and with broader size distribution due to catastrophic or fully turbulent
breakup phenomena (Faeth et al., 1995). Chigier and Reitz (1996); Lin and Reitz (1998) reviewed the criteria for the jet breakup regimes found in literature.
Different regimes B to E can be defined by different characteristic dimensionless
numbers such as the liquid Weber number (W eL ), gaseous Weber number (W eG )
and Ohnesorge number (Oh), the Taylor parameter (T) and the liquid to gas density ratio. These numbers can be defined as
(i) liquid Weber number, W eL = ρL UL2 d/σ,
(ii) gas Weber number, W eG = ρG UL2 d/σ,
(iii) Liquid Reynolds number, ReL√= ρL UL d/ηL ,
(iv) Ohnesorge number, Oh = ηL / ρL dσ,
(v) Taylor parameter, T = (ρL /ρG )(ReL /W eL )2 ,
where ρL , ρG , σ, ηL , UL , d are the liquid density, gas density, liquid surface tension, liquid dynamic viscosity, liquid velocity, characteristic length respectively.
The regimes can be defined as follows:
Region A (Dripping regime): W eL < 8,
Region B (Rayleigh regime): W eL > 8,
Region C (First wind-induced regime): 1.2 + 3.41Oh0 .9 < W eG < 13,
Region D (Second wind-induced regime): 13 < W eG < 40.3,
Region D (Atomization regime): 40.3 < W eG .

2.3 Air-assisted Cylindrical liquid jets
A cylindrical liquid jet surrounded by an annular gaseous stream is known as
air-assisted or coaxial jet (Dumouchel, 2008; Dunand et al., 2005; Lasheras and
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Figure 2.4: Air-assisted cylindrical jet atomization regimes. (a) non-axisymmetric
Rayleigh regime, (b) membrane-type regime, (c) fiber-type regime.

Hopfinger, 2000). Farago and Chigier (1992) have defined the morphological classification of coaxial water jet disintegration as a function of the relative gas Weber
number (W eg ) as follows:
(i) The Rayleigh-type breakup: Similar to the Rayleigh instability regime of cylindrical liquid jets, its also a disintegration of a jet without any ligament shedding.
The regime is usually defined as a function of Weber number. W eg < 15 denotes the axisymmetric sub-regime for water, and 15 < W eg < 25 for the nonaxisymmetric sub-regime of water, where the drop size is order of liquid jet.
(ii) Membrane-type breakup: The regime is defined as a function of the Weber
number as 25 < W eg < 70 for water, which is formed due to Kelvin-Helmholtz
waves and breaks into droplets of much smaller diameter than in the previous
regime.
(iii) Fiber-type breakup: The regime (100 < W eg < 500 for water) is identified
as the formation of thin liquid fiber. For highly viscous liquids, the regimes are
identified at much higher value of the relative gas Weber number as shown in Fig.
2.4.
(iv) Full atomization regime: The regime above gas Weber number W eg of 500
is found for full atomization for water. However, this value may extend for high
viscous liquid.
Lasheras and Hopfinger (2000) has extensively reported on the air-assisted cylindrical liquid jets for different regimes in the parameter space of liquid Reynolds
number and gas Weber number as shown in Fig. 2.5.
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to establish a regime diagram similar to that used for pressure atomizers (Reitz
& Bracco 1982, Lin & Reitz 1998). The coaxial jet case of interest here is,
however, considerably more complicated. The composition of such a diagram can
be very cumbersome since one has to deal with a much larger number of nondimensional numbers.
An attempt to establish such a diagram has been made by Farago & Chigier
(1992), which excludes the effect of M. A more complete diagram has been
proposed by Hopfinger (1998). Hopfinger’s diagram is reproduced in Figure 3 in
fundamentals
a slightly modified form. The various breakup regimes are presented in the parameter space of the liquid Reynolds number and the aerodynamic Weber number,

Figure 3 Breakup regimes in the parameter space Rel " We. Lines of constant M are
calculated for water-air and Dl # 7 mm. •, conditions of Fig. 2a to 2f; !, conditions of
Figure 6, | | |, regime of rocket engines. ! Conditions corresponding tol the experiments
analyzed in section 4. Here, We # qgU g2Dl/r, Rel # UlDl/ml; M # qgU g2 /qlU l2. (Note
that Dl # 3.5 mm in Figure 6 and in the measurements of section 4.2. We have shifted
the values up by a factor of 2 so that these fall in the right range of M.)

Figure 2.5: Breakup regimes in the parameter space of Re vs W e for air-assisted
cylindrical jet atomization reported by Lasheras and Hopfinger (2000).

2.4 Flat Liquid sheets
Dombrowski et al. (1960) extensively discussed and provided a deep analysis of
the sheet disintegration. Altimira et al. (2011) provided the high-speed images of
the liquid sheets produced by three different nozzles in order to determine which
of the disintegration regimes take place and their relative importance (Fig. 2.6).
Disturbance of the liquid sheet can be induced by applying additional air flow by
a so called air-assisted flat liquid sheet.

2.5 Rotary atomization
In rotary atomization, the liquid jet is continuously accelerated and thinning. At
the end of the jet, the disintegration occurs due to surface properties of the liquid so called Rayleigh-type disintegration at lower applied centrifugal forces. The
degree of atomization depends upon the peripheral speed, viscous and surface
properties of the liquid, and feed flow rate etc. Choi and Jang (2010); Hallström
and Danner (1994); Liu et al. (2012); Mescher and Walzel (2010, 2012a,b); Parau
et al. (2007); Schröder and Walzel (1998) have described different types of rotary atomization, related mechanisms and visualizations for zero pressure rotary
atomizers.
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2.5 Rotary atomization

Disintegration regime of industrial fan-spray atomizers through CFD simulations

Figure of
2.6:
images
the liquid
produced
by nozzles
the threeatstudied
nozzles
Figure 1. Front images
theFront
liquid
sheet of
produced
bysheet
the three
studied
injection
pressures of 1 and 3
(Fan-spray atomizer) at injection pressures of 1 and 3 bar (Altimira
et al., 2011).
bar.

Images of the liquid sheet produced by N1 nozzles reveal that spanwise perturbations appear at the exit of the
atomizer and spread downstream. These perturbations are clearly distinguishable near the breakup region, due to
heir increasing amplitude. The fact that these perturbations appear at constant angular positions in all the
pictures of each unit indicates that their origin is geometric, that is, due to irregularities in the orifice; and not the
nstability of the liquid sheet itself. Although they do not seem to influence the liquid sheet breakup length,
ooking at the droplets it is easy to identify larger droplets at the angular coordinates of these disturbances. At
high pressures these perturbations are “hidden” by the amplitude of actual instability disturbances. It should be
noticed that this disintegration strongly resembles that of radial liquid sheets at high Weber numbers.
Even though the predominant breakup mode is the wave mode, the role played by the rim differs depending
on the operating pressure. For 1 bar, the rim destabilizes and disintegrates before the liquid sheet does. Droplets
from the rim continue their path attached to the liquid sheet by thin threads and the liquid between threads
recedes due to surface tension. This phenomenon leads to shorter breakup lengths at the region near the rim and
a more rounded shape of the breakup front. At injection pressures over 1 bar the breakup of
17 the rim occurs
downstream of the liquid sheet disintegration, following the behavior of a jet; and therefore the breakup front is
not influenced by the rim.
For high operating pressures random disturbances appear within the liquid sheet near the outlet, probably
due to the presence of turbulence generated inside the tip of the nozzle. However, these disturbances are damped
out as travelling downstream and do not influence the breakup length.
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3.1 Materials
3.1.1 Materials used in spraying, prilling and RA experiments
Emulsions consist of two or more immiscible fluids. Different types of model
emulsions (such as O/W, W/O, W1 /O/W2 , and O1 /W/O2 ) were used for the
air-assisted spraying, prilling and rotary atomization, where the dispersed and
continuous phases were prepared employing following materials. Deionized water
was always used for preparing the watery phase.
Surfactants
Tween-20 (Polysorbate 20)
Polysorbate 20 (Fluka GmbH, Switzerland) is known as Tween-20, which was
used as emulsifier in the watery continuous phase. Tween-20 (Polyoxyethylene-20
sorbitan monolaurate, E 432) is a polysorbate surfactant whose stabilizing effect
on the emulsion and food-grade character allow it to be used as an emulsifier.
Tween-20 (Specific gravity: 1.1) was used as a hydrophilic emulsifier with HLB
[Hydrophilic-Lipophilic Balance (Davies, 1957)] of 16.7 both in simple and multiple
emulsions. The molecular formula is C58 H114 O26 and the CMC is ≈ 4.9×10−5 M
or 60 mg/l (according to manufacturer provided data sheet) in water.
Span-20 (Sorbitan monolaurate)
The continuous phase (lyophilic phase) of a model emulsion (W/O or O/W/O)
contained Span-20 (Sorbitan monolaurate, Fluka GmbH, Switzerland) as emulsifier. Span-20 was used as a hydrophobic emulsifier with HLB of 8.6±1.0 both in
simple and multiple emulsions. The empiric formula is C18 H34 O6 and molecular
weight is 346.46 g/mol. CMC of Span-20 in Pentane, Hexane Heptane, Octane,
Nonane, Decane, and Dodecane are 2.4×10−5 , 2.1×10−5 , 2.1×10−5 , 2.4×10−5 ,
2.4×10−5 , 2.3×10−5 , 2.3×10−5 M respectively (Peltonen et al., 2001).
PGPR (poly-glycerol polyricinoleate)
Polyglycerol polyricinoleate (DANISCO, Denmark) was used as stabilizer as well
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as emulsifier for preparing SE (W/O) and DE (W/O/W or O/W/O). PGPR
(identified with the code E476) is strongly lipophilic (HLB ≈ 1.0), which is soluble
in fats and oils, and almost insoluble in water. PGPR is widely known as an
excellent emulsifier in the food industry, because it forms very stable emulsions
(Bastida-Rodriguez, 2013; Graber, 2010).

Thickener
PEG (Polyethylene Glycol)
The watery continuous phase of our model emulsion contained PEG (Polyethylene Glycol, Mw ≈ 35000 g/mol; Clariant, Switzerland) as stabilizer. PEG is
manufactured by polymerization of ethylene oxide (EO) with either water, mono
ethylene glycol or diethylene glycol as starting material, under alkaline catalysis.
The physical properties of PEG solutions with different mass fractions are given
in section 3.3.

Dispersed and continuous phases
Oil
In the present study, commercial Sunflower oil (Florin AG., Switzerland) was used
as dispersed (e.g. O/W) and continuous phases (such as W/O, W/O/W) without
any further purification. The physical and chemical properties of a common Sunflower oil (SFO) can be followed as reported by several authors (Abramovic and
Klofutar, 1998; Grompone, 2005).
Palm stearin
Palm stearin (Florin AG., Switzerland) is the high melting solid fraction of palm
oil (solid below approx. 50 o C), which is produced by partial crystallization at controlled temperature. Palm stearin was used as a continuos phase for the emulsions
such as W/O, W/O/W, and O1 /W/O2 (O/O2 : Palm stearin).

Model emulsion systems and their compositions
Both simple (SE) and double (DE) emulsions were used with different interfacial
tensions, λ-values (ηd /ηc ), and viscosities by varying compositions of dispersed
and continuous phases. The detail composition of different types of SE and DE
emulsions are listed in Table 3.1, which will be pointed out later (section-4).
The physical properties of emulsions and their phases are reported in section 3.3.
However, the same emulsion systems with various secondary droplet (dispersed
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drop) sizes lead to different rheological properties, which will also be discussed in
section 3.3.
Table 3.1: Emulsions and their compositions, used in the spraying, prilling and
RA experiments and results were presented in sections 4.1 and 4.2.
Name of
emulsion
SE-1a

Emulsion
types
SE (O/W)

Phase*
fraction
40 % O/W

SE-1b

SE (O/W)

40 % O/W

SE-2

SE (O/W)

40 % O/W

SE-3

SE (O/W)

40 % O/W

SE-4

SE (O/W)

40 % O/W

SE-5

SE (O/W)

40 % O/W

SE-6

SE (O/W)

40 % O/W

SE-7

SE (O/W)

40 % O/W

SE-8

SE (W/O)

40 % W/O

SE-9

SE (W/O)

40 % W/O

Conti. phase
composition
87.72 %wt Water,
8.77 %wt PEG,
3.51 %wt Tween-20 (J)
89.28 %wt Water,
8.93 %wt PEG,
1.786 %wt Tween-20 (I)
97.5 %wt Water,
0.5 %wt PEG,
2 %wt Tween-20 (P2)
96 %wt Water,
2 %wt PEG,
2 %wt Tween-20 (P3)
93 %wt Water,
5 %wt PEG,
2 %wt Tween-20 (P4)
88 %wt Water,
10 %wt PEG,
2 %wt Tween-20 (P5)
83 %wt Water,
15 %wt PEG,
2 %wt Tween-20 (P6)
78 %wt Water,
20 %wt PEG,
2 %wt Tween-20 (P7)
95.25 %wt Sunflower,
1.9 %wt Span-20,
2.85 %wt PGPR (R)
95.25 %wt Palm
stearin, 1.9 %wt
Span-20, 2.85 %wt
PGPR (S)

Disp. phase
composition
Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
Water

Water

Continued on next page....
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Name of
emulsion
SE-10

SE-11

SE-12

SE-13

SE-14

DE-1

DE-2

DE-3

DE-4

DE-5

Table 3.1 – continued from previous page
Emulsion
Phase*
Conti. phase
types
fraction
composition
SE (W/O) 30 % W/O 95.25
%wt
Palm
stearin, 1.9 %wt Span20, 2.85 %wt PGPR
(S)
SE (O/W) 30 % O/W 89.28 %wt Water,
8.93 %wt PEG,
1.786 %wt Tween-20 (I)
SE (O/W) 40 % O/W 81.97 %wt Water,
16.39 %wt PEG,
1.64 %wt Tween-20 (K)
SE (O/W) 60 % O/W 89.28 %wt Water,
8.93 %wt PEG,
1.786 %wt Tween-20 (I)
SE (O/W) 60 % O/W 87.72 %wt Water,
8.77 %wt PEG,
3.51 %wt Tween-20 (J)
DE
40 %(40 % 87.72 %wt Water, 8.77
(W/O/W) W/O)/W %wt PEG, 3.51 %wt
Tween-20 (J)
DE
40 %(40 % 87.72 %wt Water, 8.77
(W/O/W) W/O)/W %wt PEG, 3.51 %wt
Tween-20 (J)
DE
40 %(40 % 87.72
%wt
Palm
(O/W/O) O/W)/O
stearin,
1.87 %wt
Span-20, 4.67 %wt
PGPR
DE
30 %(30 % 87.72 %wt Water, 8.77
(W/O/W) W/O)/W %wt PEG, 3.51 %wt
Tween-20 (J)
DE
30 %(30 % 87.72
%wt
Palm
(O/W/O) O/W)/O
stearin,
1.87 %wt
Span-20, 4.67 %wt
PGPR

Disp. phase
composition
Water

Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
Sunflower
oil (Q)
SE-8

SE-9

SE-1b

SE-10

SE-11

*Percentages of phase fraction are weight basis. Therefore, volume fraction might be different.
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Table 3.2: Composition of iron encapsulated fat-based emulsions for prilling
experiments
Name of
emulsion
A
E
F

Type
of Composition of disemulsion
persed phase
40 % W/O 16.4 %wt PEG, 1 %wt
F eSO4 in 0.01 M HCl
40 % W/O 22.7 %wt PEG, 1 %wt
F eSO4 in 0.01 M HCl
40 % W/O 28.2 %wt PEG, 1 %wt
F eSO4 in 0.01 M HCl

Composition of continuous
phase
1.9 %wt Span-20, 2.86 %wt
PGPR in palm stearin
1.9 %wt Span-20, 2.86 % wt
PGPR in palm stearin
1.9 % wt Span-20, 2.86 % wt
PGPR in palm stearin

3.1.2 Materials for iron release experiment
Iron encapsulated emulsion-prills were produced from SE emulsions, where the
continuous phase of the emulsion (approx. 40 % (w/w) water-in-oil, W/O) was
palm stearin (melting point 50 - 55 ◦ C), which contained 1.9 % (w/w) Span-20
and 2.86 % (w/w) PGPR as emulsifiers. PGPR was used in these experiments at
relatively high concentration to stabilize the emulsions during high temperature
emulsification. The dispersed phase of the emulsion (W/O) was a solution (1
%wt) of F eSO4 (Fluka, Switzerland) in 0.01 M HCl, pH (≈ 2.0) that contained
16.4, 22.7 or 28.2 % (w/w) of PEG as thickener (viscosity modifier), which could
also influence the release kinetics of iron under gastric conditions. The detailed
compositions of three different types of emulsions used in this work is given in
Table 3.2.

3.2 Analytical methods and procedures
Several analytical techniques and devices were used to characterize emulsions,
and their phases such as Density-meter, Tensiometer, Rhometer, Laser Diffraction Particle Size Analyzer (LDPSA), Microscopy, Scanning Electron Microscopy
(SEM). High speed videography, Shadowgraphy and SprayTec (laser scattering)
were used for spray visualization and characterization. LDPSA and cryo-SEM
were employed to characterize the solid particles (Prills) produced by the prilling
experiment.
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3.2.1 Interfacial properties of emulsion
Density
The densities (ρ) of emulsions, their dispersed and continuous phases were measured by an oscillating U-tube density meter (DMA 38, Anton Paar). The densities
of liquid phases were measured with an accuracy of ± 1 kg/m3 at two different
temperatures of 20 o C and 30 o C (with precision of ± 0.3 o C). The measurements
were repeated for two times and average was taken, and the results were used in
surface (σ) and interfacial tension (γ) measurements.
Pendant drop method
Surface tension of emulsion and its continuous phase, and interfacial tension between dispersed and continuous phases were measured by a Pendant drop method
using a Sinterface Profile Analysis Tensiometer (PAT-1, Sinterface Technologies,
Germany). The measured surface and interfacial tension values are reported in
sections 3.3.4 and 3.3.5. Detailed description of the basic principle (Maze and
Burnet, 1969; Rotenberg et al., 1983), method developments (Cheng et al., 1990;
Girault et al., 1984; Gunde et al., 2001) and applications (Graber, 2010) of the
pendant drop method are reported elsewhere.

3.2.2 Rheological characteristics
Shear rheometry
The shear rate dependent viscosities of the simple and double emulsion samples
(before and after spraying) were measured using a shear rheometer (Anton Paar,
Physica MCR 300, Couette geometry CC27, shear gap width 1.13 mm). The
identical geometry was also used to measure the dynamic moduli (storage and
loss modulus) of the same emulsion systems applying a deformation of 2 %.
Capillary Breakup Extensional Rheometer (CaBER)
A Capillary Breakup Extensional Rheometer (CaBER) was used to determine
extensional viscosity and relaxation time spectra of emulsions. In the CaBER
(CaBER-1, Thermo Fisher Scientific, Germany) experiment, a fluid is placed between two round plates (diameter: 6 mm, gap between two plates: 6 mm) and
subsequently an elongation (aspect ratio 3) is performed, and a filament thinning
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is observed over time. The filament necking in the midpoint diameter over time
is monitored using a laser micrometer, which provided information about the extensional behavior of emulsions. Extensional rheology is measured for emulsions,
which is reported in section 3.3.3.

3.2.3 Emulsion droplet size and distribution
Microscopy
A direct, qualitative observation of simple and double emulsions before and after
spraying in this study was carried out by inverse light microscopy (max. magnification 60x; Nikon AG.).
Laser diffraction particle size analyzer
The droplet (secondary) size distribution of the emulsions before and after spraying were also investigated by the Laser Diffraction Particle Size Analyzer, LDPSA
(LS 13320, Beckman Coulter, Inc.) applying the Fraunhofer diffraction model
for more statistically representative values compared to that received from microscopy. The size distributions of the double emulsion droplets (secondary droplet)
were obtained by LDPSA, while the sizes of the inner droplets (primary droplet)
were first measured in the simple emulsions forming the basis of the double emulsions. It is assumed that the primary droplets within the double emulsions do
not change during preparation while using the membrane emulsification technology. Since, membrane emulsification is considered to be a mechanically gentle
process, and produces droplet size distributions with relatively low polydispersity, even though the present study is not much concerned to produce preferably
mono-dispersed droplets.

3.2.4 Spray characterization and visualization
Spraytec
A Laser light scattering droplet size measurement technique (Spraytec., Malvern)
was used for quantifying the size and size distribution of spray droplets (tertiary
droplet). The Malvern Spraytec uses laser diffraction technique for measurement
of the spray droplets and spray particle sizes by measuring the intensity of light
scattered as a laser beam passing through the spray, and this data is then analyzed (Mie and Fraunhofer scattering including a patented multiple scattering
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analysis) to calculate the size of the droplets which causes the scattering pattern.
It allows measurement in real-time with a wide range of particle size from 2-2000
µm (receiver module lense: 750 mm), however, it gives only an average value of a
line in a spray cross-section plain (the line where laser passes through).

High speed videography
A high speed video camera (imaging sensor: MemreCam fx RX-6, software:
fxLink, NAC imaging technology) was used for visualizing the spray filament
stretching and drop formation/breakup (primary and secondary atomization) using an air-assisted nozzle (5000 to 60000 fps). This camera was also employed for
capturing the filament stretching and drop formation for rotational atomization
(5000 to 10000 fps), and the time evolution of the filament stretching/necking
during CaBER measurement (5000 to 10000 fps).

Shadowgraphy
A shadowgraphy setup (at the University of Bremen, consisting of ShadowStrobe,
DualPower laser, Timer Box, long distance microscope and CCD camera; DANTEC Dynamics, Germany) was used to visualize the primary atomization, velocity vectors, and average velocities of drops/filaments. The images were taken by
the camera at two successive time evolutions and analyzed with an advanced edge
detection algorithm to extract the object (e.g. filament) or particle shape information, and the velocity information is extracted by combining correlation algorithm
from two successive images via a dedicated particle tracking algorithm.

3.2.5 Particle characterization
Laser diffraction particle size analyzer
The fat-based prills were dispersed in an aqueous solution using Tween-20 (0.1
wt%) as a surfactant to stabilize the suspension. The suspended particles were
characterized by the Laser Diffraction Particle Size Analyzer, LDPSA (LS 13320,
Beckman Coulter Inc.) applying the Fraunhofer model to estimate the size and
size distribution of prills for more precise values compared to microscopy pictures.
The measurements were repeated 5 times, and the deviations are reported in Table
4.1.
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Cryo-Scanning Electron Microscopy (SEM)
The direct and qualitative observation of the emulsion-particles were performed by
cryo-scanning electron microscopy, SEM, (Zeiss Gemini 1530 FEG, ETH-Zurich
Microscopy center). The shape and surface of prills were investigated by cryo-SEM
for observing the sphericity and pores at the surface. Internal microstructure of
the particles was also investigated by cryo-SEM after cutting (freeze-etching by
BAF 060 device) the sample at low temperature.

3.2.6 Iron concentration
Atomic Absorption Spectroscopy (AAS)
The iron content was measured using AAS (Varian AA240FS Fast Sequential AAS,
Varian Inc.). The measurements were repeated two times (each measurement was
an average of 10 repeated measurements by the equipment with an average %
RSD 0.3).

Conductivity
The conductivity of DE, in which continuous phase contained an iron salt, was
determined using the conductivity sensors (SevenCompact Conduct. S230, Kit,
Mettler-Toledo (Schweiz) GmbH), and was calibrated from known salt concentration. The measurement range of conductivity was 0.001 µS/cm - 1000 mS/cm
with an accuracy of 0.5 %.

3.3 Physical properties of emulsions and their
phases
Relevant physical properties of emulsions and their phases within the context of
this work include density, surface/interfacial tension, shear/extensional viscosity,
dynamic moduli, secondary drop size distribution are reported as follows.
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3.3.1 Shear viscosity of emulsions and their phases (dispersed
and continuous phase)
Shear viscosities of emulsions and their phases are significantly important for structure preservation in spray processing of emulsions as a result of their impact on
the dispersion of secondary droplet as well as tertiary drop size (detail description
in the results and discussion section). Shear stress as a function of shear rate of
the different continuous and dispersed phases (i.e. Sunflower oil) of O/W-type
emulsions are plotted in Fig. 3.1.
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Figure 3.1: The shear stress as a function of shear rate of different dispersed and
continuous phases at 20 o C.
All the phases were found to be Newtonian fluids, and the viscosities can be
estimated from the slope of the shear-stress vs shear-rate curve. The compositions
and viscosities of the phases, and the viscosity ratio of dispersed to continuous
phase are reported in Table 3.3. In general, emulsion viscosities are function of
the dispersed phase fraction, the viscosity of dispersed and/or continuous phase,
mean droplet size and size distribution, and usually show non-Newtonian (shear
thinning) flow behavior.
The emulsions, SE-1a and SE-1b, were prepared with three different mean droplet
sizes of 2, 4 and 10 µm employing a rotor-stator device while varying the rotational
rates. The cumulative frequency distribution of the emulsions are represented as a
function of emulsion droplet size in Fig. 3.2. It can be seen that the distributions
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Table 3.3: Viscosity of fluid phases at 20 o C, which are reported in Table 3.1 and
corresponding viscosity ratio between dispersed to continuous phase.
Phase Phase
Viscosity
name composition
[mPa.s]
Q
Sunflower oil
63.4
P2
97.5 %wt Water,
2.1
0.5 %wt PEG,
2 %wt Tween-20
P3
96 %wt Water,
3.1
2 %wt PEG,
2 %wt Tween-20
P4
93 %wt Water,
9.6
5 %wt PEG,
2 %wt Tween-20
I
89.28 %wt Water,
22.6
8.93 %wt PEG,
1.786 %wt Tween-20
J
87.72 %wt Water,
23.9
8.77 %wt PEG,
3.51 %wt Tween-20
P5
88 %wt Water,
29.2
10 %wt PEG,
2 %wt Tween-20
P6
83 %wt Water,
77.0
15 %wt PEG,
2 %wt Tween-20
P7
78 %wt Water,
196.2
20 %wt PEG,
2 %wt Tween-20

Viscosity ratio (λ)
[ηd /ηc ] [-]
30.19

20.452

6.604

2.805

2.653

2.171

0.823

0.323
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Figure 3.2: The cumulative frequency distribution of the emulsions, SE-1a and SE1b, are plotted as a function of emulsion droplet size resulting from
dispersion processing at three different rotational rates in a rotor-stator
dispersing device (BAA 36, POLYTRON, KINEMATICA AG) at rpm
of 2500, 4500 and 6500.
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of SE-1a and SE-1b representing the similar trend for a given mean droplet sizes.
Their corresponding viscosities are plotted as a function of shear rate in Fig. 3.3.
In general, they exhibited shear thinning behavior, whereas the smallest drop
size containing emulsion showed significantly higher shear viscosity and stronger
shear thinning characteristics. However, the upper Newtonian shear viscosities
(η∞ ) were not significantly different for the various droplet-sized emulsions for
both cases (SE-1a & SE-1b). In the high shear rate regime, the secondary drops
were deformed maximally, and obtained immobilized about the same amount of
continuous phase fluid (due to the equal dispersed phase fraction) as described in
the literature (Windhab, 2000). In all cases, the Bird-Carreau model (dashed line)
was excellently fitting with the experimental results (symbols). The Bird-Carreau
model (generalized Newtonian model) can be defined as follows (Eq. 3.1):
η − η∞
= [1 + (K γ̇)2 ](n−1)/2
η0 − η∞

(3.1)

where η∞ , η0 , K and n denote the upper Newtonian shear viscosity, the zero shear
viscosity, the characteristic relaxation time, and the power index, respectively. in
Fig. 3.3 (top), the zero shear viscosity and shear thinning behavior are found to
increase with decreasing mean size of the secondary droplets. It can be also seen
that the viscosity of the emulsion with the lowest mean drop diameter exhibited
close to Newtonian behavior. Similar trends were found for SE-1a as shown in
Fig. 3.3 (bottom). However, the viscosity of SE-1a was slightly smaller compared
to the viscosity of SE-1b due to a lower interfacial tension (less rigid droplet).
Fig. 3.4 demonstrates the viscosity of four different emulsions with similarly
sized secondary drops, where the composition and phase fraction of dispersed
and continuous phase were varied. When continuous phase viscosity (SE-12),
and dispersed phase fraction (SE-13 and SE-14) were increased, shear viscosity
also increased as expected and exhibited highly shear thinning flow behavior. This
highly shear thinning behavior was also observed for emulsion SE-1a for the smallest droplet mean diameter of 2 µm, which is seen to gradually come closer with
the other emulsion systems (droplet mean diameters of 4 and 10 µm) at higher
shear rate region.

3.3.2 Viscoelasticity of emulsion
In Fig. 3.5, loss (G00 ) and storage (G0 ) modulus of SE-1a and SE-1b with different drop sizes are shown as a function of angular frequency at a deformation of
2 % (linear viscoelastic regime). It was found that the emulsion with secondary
mean drop size larger than 4 µm exhibited negligible elastic behavior. Whereas,
emulsions with smallest secondary droplets of 2.0 µm mean diameter was found
to be viscoelastic fluid with relaxation time of 0.1 and 0.5 s for SE-1b and SE-1a,
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Figure 3.3: Shear viscosity of two emulsions SE-1a & SE-1b shown as a function of
shear rate at 20 o C, the emulsions having three different mean emulsion
drop size of 2, 4, and 10 µm.
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Figure 3.4: Shear viscosity of four emulsions presented as a function of shear rate
at 20 o C. Different composition with approximately identical mean
drop size and size distribution.
respectively.
In the present study, the emulsions were chosen such that they are viscous dominated (loss modulus G00 larger than storage modulus G0 in the whole spectrum of
angular frequency investigated). Large amplitude oscillatory shear rheology can
be used to get more information, however, some emulsions showed thixotropic
behavior at higher deformation, which also alters their microstructure and rheology.

3.3.3 Extensional properties of emulsion
The extensional flow behavior of the investigated emulsions were characterized
using a Capillary Breakup Extensional Rheometry (CaBER). In Fig. 3.6 (top),
the time dependent normalized filament diameters (midpoint) are shown for SE-1a
with the three different secondary drop sizes of 2, 4, 10 µm. The difference in the
initial filament diameter decay is seen to be similar for 2 and 4 µm drop sizes,
but the diameter at breakup point strongly decreases and the filament lifetime
increases with decreasing drop size of the SE-1a emulsions. The corresponding
apparent extensional viscosities (ηe ) of these emulsions as a function of strain rate
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as a function of angular frequency at low deformation of 2 % at 20 o C.
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are given in Fig. 3.6 (bottom).
The extensional and shear viscosity functions of SE-1a emulsions with mean drop
size of 10 µm were found to be Newtonian as shown in Fig. 3.6 (bottom) and Fig.
3.3 (bottom). The extensional viscosity of SE-1a with drop sizes of 2 and 4 µm as
observed to be extensional thinning in the low strain rate region, whereas slightly
extensional thickening behavior was monitored at higher strain rates.

3.3.4 Surface tension of emulsions
Surface tension of SE (O/W) and its’ continuous phase were measured over time
using the Pendant drop method, and demonstrated in Fig. 3.7 (top). It was found
that the surface tension of emulsion was much higher compared to the continuous
phase of that emulsion. The figure depicts the characteristic non-linear decrease
of surface tension (σ) with time, which can be well fitted by Eq. 3.2.
σ = σ∞ + (σ0 − σ∞ )e−m1

√

t

(3.2)

where σ0 and σ∞ are the surface tensions of emulsion at time t = 0 and t = ∞,
respectively, and t and m1 are the observation time and a material constant of the
surfactant, respectively. The atomization of a liquid filament is a very fast process
(milliseconds). Therefore, while forming a drop in the pendant drop device, surface
tension value of an emulsion is needed to collect within a millisecond to embed
√
with the spraying, which is practically not possible. Therefore, ln(σ − σ∞ ) vs t
(using Eq. 3.3) is plotted to get a linear curve, where σ∞ is the value of surface
tension at infinite time (equilibrium), but for practical reason t = 600 s is used
(quasi-equilibrium), and the surface tension at t = 0 is estimated from intersection
value (C1 , in Eq. 3.4) on y-axis of the curve in Fig. 3.7 (bottom).
√
(3.3)
ln (σ − σ∞ ) = ln (σ0 − σ∞ ) − m t
σ0 = σ∞ + eC1

(3.4)

The value of the surface tension σ0 at t = 0 is used for the calculation of gas
Weber number, W eg,N ozzle (σ0 ), in spraying process (see section 4.1.2).
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38

3.3 Physical properties of emulsions and their phases
Table 3.4: Surface tension of the emulsions at 20 0 C
Emulsion Density
Name
(kg/m3 )
SE-1a
976.9
SE-1b
979.2
SE-13
955.5

σ0
mN/m
39.8
41.5
42.0

σ∞
mN/m
35.2
35.7
35.5

3.3.5 Interfacial tension (O/W and W/O/W)
Principle concern of this part of the present study is to understand the dispersing characteristics of an emulsion treated by an air-assisted atomizer, where the
interfacial tension plays an important role. Dispersion or breakup of the internal
emulsion droplets (primary or secondary) during spraying is a function of the acting flow stresses interfacial tension (the energy needed to deform the interface)
and the viscosity ratio of dispersed to continuous phase. Therefore, interfacial
tension was measured for SE (interface between continuous and dispersed fluid
phase) and DE (interface between continuous and dispersed emulsion phase) at
20 0 C and plotted as a function of time shown in Fig. 3.8 (top). Interfacial tension (dark-diamond symbols in Fig. 3.8, (top)) of SE is seen to be an order of
magnitude higher than that of DE (circular symbol in Fig. 3.8 (top)). For fitting
the interfacial tension data (Fig. 3.8, bottom), Eq. 3.3 is modified as rewritten in
Eq. 3.5, and from which the interfacial tension value at time t = 0 (Eq. 3.6) is
obtained by extrapolation from the time domain and used for calculating the gas
Weber number, W eg,Drop (γ0 ), as described in section 4.1.2.
√
ln (γ − γ∞ ) = ln (γ0 − γ∞ ) − m2 t

(3.5)

γ0 = γ∞ + eC2

(3.6)

where γ0 and γ∞ are the interfacial tension of emulsion at time t = 0 and t = ∞
respectively, m2 is a material constant, and C2 is the intersection value on the
y-axis as shown in Fig. 3.8 (bottom).
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Table 3.5: Interfacial tension of the emulsion phases at 20 0 C
Emulsion
Name
SE-1a
SE-1b
SE-2
SE-3
SE-4
SE-5
SE-6
SE-7
DE

Interfaces
J || Q
I || Q
P2 || Q
P3 || Q
P4 || Q
P5 || Q
P6 || Q
P7 || Q
J || cont.
phase of SE-8

γ0
mN/m
5.75

γ∞
mN/m
3.65

7.75
8.11
8.32
7.55
4.71
4.08
0.8787

4.06
4.92
4.06
3.36
3.28
3.01
0.4895

3.4 Experimental procedure and conditions
3.4.1 Emulsion preparation
Simple emulsion (SE) preparation using rotor-stator device
At first, the continuous phase was well mixed with the surfactant and thickener
(see composition of SE in section 3.1.1), then the dispersed phase (usually single
phase, herw Sunflower oil) was introduced slowly and dispersed using an impeller
type stirrer to prepare the pre-emulsion. Afterwards, a rotor-stator device (Polytron PT6000, Kinematica AG) was used for further dispersion of the pre-emulsion
droplets to produce stable emulsions. The rotational speeds from 1000 to 10000
rpm at fixed durations were used, and secondary drop sizes were measured over
time to achieve desire-sized secondary droplets of model simple emulsions. The
model emulsion was stable for several days. However, the model SE was used at
the same day of preparation for spray experiments employing air-assisted nozzle
and rotary atomizer (RAz).
Double emulsion preparation using rotating membrane
Double emulsions (W/O/W or O/W/O) were prepared by a two-step method (2nd
step: rotational membrane process) using the same emulsifiers and stabilizers as
used for SE (see composition of SE in section 3.1.1). At first, the simple emulsion
was prepared by the rotor-stator device at high rotational speed (up to 10000
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rpm) for ≈ 15-20 min at constant temperature (22-23 o C) as described above.
The droplet size was varied between 1-2 µm, which was adjusted by the speed
of the rotor-stator device and treatment duration. This simple emulsion was
then used as the disperse phase in a rotational membrane emulsification device
(ROME, Kinematica AG). Rotational membrane emulsification/foaming processes
had been developed at the Lab. of Food Process Engineering (ETH Zurich) for
the last decade and reported elsewhere (Eisner, 2007; Graber, 2010; Müller-Fischer
et al., 2007). The membrane emulsification is the most gentle way for producing
double emulsions, so the primary droplet size distribution and phase fraction of
the dispersed phase remained unchanged during the second emulsification step.
Since, two different types of surfactants were used for DE to stabilize the two
different interfaces, their concentrations have a big influence on the stability of
DE (Garti, 1997). Therefore, surfactant concentration was maintained such that
the weighted average HLB values were (Eq. 3.7) ≥10 for DE of the W/O/W
type, and HLB ≤10 for DE of the O/W/O type. The weighted HLB is defined
for multiple emulsion according to Garti (1997):
P

HLBW eighted =

P

HLBlipo Clipo Φlipo + HLBhydro Chydro Φhydro
P
P
Clipo Φlipo + Chydro Φhydro

(3.7)

where HLBlipo , Φlipo , and Clipo are the HLB value of lipophilic surfactant, lipophilic
phase mass fraction (e.g. W/O/W), and concentration (weight basis) of lipophilic
surfactant used in the lipophilic phase fraction, respectively. Whereas, HLBhydro ,
Φhydro , and Chydro are the HLB value of a hydrophilic surfactant, hydrophilic phase
mass fraction (e.g. W/O/W), and concentration of hydrophilic surfactant used
in the hydrophilic phase fraction, respectively. The prepared DE was stable for
several hours and used for dispersing characterization in spray processing.

3.4.2 Spraying experiment using air assisted atomizer
Experimental setup
A small supplementary spraying tower (length of square arm was 0.7 m with height
of 2 m) was constructed to observe the spraying (without drying/chilling) of different emulsion systems under the variation of process parameters. The emulsions
were sprayed from the top of the tower and the spray droplets were collected from
the bottom using a tray. The emulsion drop sizes (secondary droplet) were characterized just after emulsification (X50,3,Initial ), only passing through the nozzle
(liquid cap) without air pressure, and after spray treatment (including air pressure) by a laser diffraction technique. Two different types of twin-fluid nozzle
geometries were investigated as shown in Fig.3.9, and four different nozzle diameters were applied (Table 3.6). The structure and dimensions of liquid cap a nozzle
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are show in Fig. 3.10. The tower was also used for visualization of spray for highspeed videography. However, the spray droplet sizes were measured by a Spratec
laser diffraction device, when the spraying was performed in a separate setup.
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Figure 3.9: Schematic diagram of twin-fluid atomizer with internal mixing (left)
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Table 3.6: Specification of twin fluid atomizers (liquid and air cap exit diameters)
Nozzle
types

Nozzle
name

Diameter
naming

Internal
Mixing

INMIX

External
Mixing

EXMIX

0.5
0.7
1.0
2.5
0.5
0.7
1.0
2.5

Actual
diameter, dn
(mm)
0.508
0.711
0.889
2.54
0.508
0.711
0.889
2.54

Air cap
Manufacturing
diameter
company
(mm)
3.1
Spraying System
Co.
Serial:
1/4J-SS+SU12
1.778
Spraying System
Co.
Serial:
1/4J-SS+SU2

as a function of flow rate and diameter of the nozzle cap. This is a single effect of
the liquid-cap structure on the microstructure of emulsions. Emulsions were also
sprayed under different process conditions of twin-fluid atomization (air-assisted
nozzle). The sprayed emulsions were collected at the bottom of the tower using
a big tray (so that the full spray droplet fall into the tray) and were analyzed by
the LDPSA for observing the drop size distribution. Surface tension and viscosity of emulsions are the crucial material properties, with strong influence on the
spraying process. Emulsion viscosity is a function of emulsion droplet size, size
distribution and dispersed phase fraction. In addition, it is almost impossible to
prepare exactly identical emulsion droplets in terms of size and size distribution.
Therefore, a set of experiments was preformed for three times using the same
emulsion, and the deviation of droplet size of the emulsion prepared at the same
process condition was found to be about less than 2 %.

Spray processing of DE with tracer
Iron (F eSO4 ) was encapsulated into the inner-most phase (W1 ) of DE [40%(40%W1
/O)/W2 ]. After emulsification, the iron was gradually released from the innermost phase to outer phase due to the acting osmotic pressure difference between
inner (W1 ) and outer (W2 ) watery phase. Therefore, the rotary membrane emulsification (ROME) of DE was integrated into the spraying process to setup a
continuous process as shown in Fig. 3.11. At first, the DE was collected after
passing through the nozzle without air pressure, and the conductivity was measured, which was used as a reference for monitoring the impact of spraying on
structure in-line. Spraying of DE was performed using air-assisted nozzles apply-
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Figure 3.11: Schematic representation of spraying experiments of DE (W1 /O/W2 )
with iron encapsulated in the inner most phase (W1 ) using air-assisted
nozzle.
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ing air pressures up to 3 bar. The conductivity of sprayed DE was measured, and
the relative encapsulation retained (Eq. 4.12) in the sprayed DE was calculated
as a function of the gas Weber number or the applied air pressure.

3.4.3 Prilling experiment

A prilling tower (height ca. 4 m, and diameter 1 m) was used for the production
of solid particles out of the emulsions for all cases. A schematic representation
and a pilot-plant scale prilling tower are shown in Figure 3.12. Two different types
)*+,"&-$

!"#$
%"&'"($

./0(1#$2#/('34$

Figure 3.12: (left) Schematic representation of a prilling tower for the production
of emulsion powder, (bottom) Pilot-plant scale prilling tower with
height and internal diameter of 4.0 m and 1.0 m respectively.

of commercial twin-fluid nozzle geometries (internal & external mixing) were used
for the experimental investigations (Fig. 3.9). The average temperature inside the
tower was maintained at about -10 ◦ C and -35 ◦ C for fat-based and water-based
emulsion, respectively. Particles were collected from the bottom of the tower
and stored at room temperature (fat-based emulsion) and at -20 ◦ C (water-based
emulsion) in a closed container.
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3.4.4 Spraying of emulsion using rotary atomizer
Experimental setup
Emulsions were also sprayed using a rotary atomizer (controlled filament stretching) beside conventional air assisted atomizer (uncontrolled filament stretching).
Laboratory of
Emulsion, SE-11 (see Table 3.1), was prepared with different secondary drop sizes.
Food Process
Engineering
Materials
and
methods
A schematic illustration of the
experimental
setup
and the novel pressure
con!"#$%&'"%()*+%&,"-./&0%&1-*2/34
trolled rotary atomizer (pc-RAz) are demonstrated in Fig. 3.13. Emulsions were
pumped into the RAz at different flow rate conditions (experimental) for maintaining a certain pressure inside the nozzle. In Fig. 3.14, a detailed design of the
Pressure Controlled Rotary Atomizer

High Speed
Camera
Reservoir

PI
SE

M

RA

Pump

Nozzle

Pressure controlled rotary atomization setup

(a)

(b)

Figure 3.13: (a) Novel pressure controlled rotary atomizer (pc-RAz) with two nozzles, and (b) Schematic representation of the pressure controlled rotary atomization (pc-RA) setup.
pressure controlled rotary atomizer (pc-RAz) and nozzle are given. The corresponding dimensions are as follows:
dinlet = 1.5 mm
doutlet = 1.0 and 0.3 mm
θ = 118o = 2.0595c
Lnozzle = 15.5 mm
Loutlet = 5.0 mm
Lconical = [dinlet -doutlet ]/[2 tan(θ/2)]
≈ 0.15 mm (for doutlet = 1.0 mm)
≈ 0.36 mm (for doutlet = 0.3 mm)
Linlet = Lnozzle - Loutlet - Lconical
drotor = 68.55 mm
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Figure 3.14: (a) Schematic presentation of the pressure controlled rotary atomizer
(pc-RAz) with two nozzles, and (b) Design details of the pc-RAz
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The liquid flow rate was maintained to get a given liquid pressure. The corresponding flow rates at different pressure conditions were measured. The secondary droplet evolution as a function of flow rate was experimentally determined
by LDPSA also at non-rotational condition, which gave information about the
nozzle flow effect. Main study focus was to observe
the effect of rotational speeds
d
(from 500 to 5000 rpm) of the RAz on the filament stretching, breakup length,
spray droplet (tertiary drop) sizes & distributions, emulsion droplet (secondary
drop) size within the static liquid pressure range of 0.5 to 4 bar. At first, the
pressure was fixed by adjusting the flow rate, then the RA was operated at different rotational conditions. The static pressures were decreased with increasing
rotational speed due to static pressure converting into centrifugal pressure. The
filament stretching, bending and breakup length were observed using a high-speed
video camera monitoring the near nozzle region. Whereas, RA filament breakup,
spray drop formation and drop size (qualitatively) were observed in a region sufficiently far from the nozzle. The spray drop formation was well detectable by
high-speed video, and the drop size was observed to be narrowly distributed being
achieved in the Rayleigh breakup domain of the filament.
rotor

3.4.5 Iron release experiment setup and procedure
The in-vitro experiment for iron-release was carried out at 21−23 ◦ C, where 40 g of
iron encapsulated emulsion based spray particles were dispersed in 800 ml gastric
juice simulating aqueous solution (0.01 HCl, pH = 2.0, initial concentration of iron
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C(t = 0) = 0 ppm). The particles were stabilized by adding 1 ml (0.125 % v/v)
of Tween-20, otherwise fat particles may agglomerate, and alter the suspension
release kinetics. An impeller type of stirrer was used for mixing the solution
homogeneously and the stirring rate was varied from 50 to 200 rpm to investigate
the impact of stirring rate. Complete dispersion of the particles into the solution
took approximately 1-5 min depending on particle size (though time count for
iron release started from the first contact of particles with the gastric solution).
The sampling of iron solution was taken over time for a maximum time of 30
h. The sample was diluted (∼1/10), and the iron concentration was measured
using atomic absorption spectroscopy (Varian AA240FS Fast Sequential AAS).
The measurements were repeated for 2 times (each measurement was an average
of 10 repeated measurements by the equipment with an average RSD of 0.3 %),
and the average values were reported.The experiments were repeated for different
stirring conditions, and after different capsule storage times, which gave evidence
of the reproducibility of the experiments within a deviation range of about ± 5
%.
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4.1 Spray processing: structural preservation
criterion (process-structure relation)
The present study is dealing with the fundamental understanding of the influences
of spray nozzle structural, mechanical stresses (gas pressure difference) and physical phenomena (such as surface tension, interfacial tension, shear and extensional
viscosity, viscosity ratio of dispersed to continuous phase, and viscoelasticity etc.)
on the emulsion structure (primary-secondary-tertiary droplet at Fig. 1.2) during spraying process. Micro-structural change of emulsions during air-assisted
spraying is influenced by two key material parameters such as interfacial tension between two internal phases and shear viscosity ratio between dispersed to
continuous phase. Viscoelasticity of dispersed and continuous phase, extensional
properties of the emulsion and viscoelasticity of interface between two internal
phases can also influence on the dispersed phase (secondary droplet) deformation
and breakup during spraying process. In the present study, viscous dispersed and
continuous phases, and viscous interfaces were used to make the investigated system simple for better understanding the influence of interfacial tension and shear
viscosity ratio between dispersed to continuous phase on the secondary droplet
breakup. In addition, extensional viscosity of emulsion also influences the flow behavior through the nozzle (contraction) and spray break-up. Experimental results
show that these rheological behaviors of emulsions have a big impact on the spray
droplets (tertiary droplet) and secondary emulsion droplets (internal structure of
emulsion). The influences of process parameters on the spray droplets and the
microstructure of simple and double emulsions are also investigated.
The objective of the study is to observe the sustainability or dispersibility of
emulsion-droplets (secondary droplets for both simple and double emulsions, Fig.
1.2) contained in the spray drops (tertiary) during spraying to define a technique
for gentle emulsion spraying. The present study focuses on the effect of inner
geometry of the spray nozzle (liquid-cap), gas to liquid mass ratio (GLR), gas
pressure, total fluid flow rate (liquid and gas) and their impact on the secondary
droplet size and size distributions for simple and double emulsions. It also includes
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the change of secondary emulsion droplets during spraying for different spray nozzle geometries (internal/external mixing) at various operating conditions. From
this study, we aimed to derive the optimum spray conditions to keep the internal
structure of the emulsion unchanged. The characterization of the spray droplets
(tertiary droplets) as a function of GLR, gas Reynolds number (Reg ), gas Weber
number (W eg,N ozzle ) is also included (Scale-up criterion).
Some definitions or specific nomenclatures are introduced concerning the diameter
denotations of differently treated secondary emulsion drops:
X50,3,Initial : volumetric mean diameter of the secondary drops of the pre-emulsion
or non-spray-treated emulsion (just after emulsification).
X50,3 : volumetric mean diameter of the secondary emulsion drops treated by a
process.
X90,3 : volumetric maximum diameter (volumetrically 90% droplets below this diameter) of the secondary emulsion drops treated by a process.
X50,3,N ozzle : volumetric mean diameter of the secondary emulsion drops that is
solely treated by passing the liquid-cap of the (air assist) spray nozzle without
any additional gas flow.
X90,3,N ozzle : volumetric maximum diameter (volumetrically 90% droplets below
this diameter) of the secondary emulsion drops that is solely treated by passing
through the liquid-cap of the spray nozzle (air assist) without any additional gas
flow.

4.1.1 Influence of spray process parameters on the secondary
droplet (dispersion of emulsion)
The important spray process parameters are applied pressure, the gas to liquid
mass ratio (GLR), the total mass flow rate (liquid and gas), and the geometrical
parameters of air assisted atomizer (the geometry of air and liquid-cap, and interaction pattern of gas-liquid). In the following sections, It will be mainly discussed
the influence of GLR (corresponding applied pressure), total flow rate, and two
different major classes of gas-liquid interactions. GLR (as defined by Eq. 4.1) has
major influences on the spraying process in terms of secondary droplet viability
(Dubey et al., 2011b).
GLR =

mg
ml

(4.1)

where mg and ml are the mass flow rates of gas and liquid respectively.
The gas and liquid can already meet and interact with each other inside the air-cap
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of the so called internal mixing nozzle (INMIX), and they can also meet only outside the nozzle exit of a so called external mixing nozzle (EXMIX) as demonstrated
in Fig. 3.9. It was found that the gas-liquid interaction plays a role for dispersing
and spraying of emulsions. On the other hand, the emulsion flow inside the nozzle
(so called liquid-cap) may cause some previous degree of redispersion depending
on the applied flow rate or respective shear and elongation rates. Therefore, the
effect of GLR using two different gas-liquid ‘phase-interactive’ nozzles, and distinct
impact of the liquid-cap have been studied.
Microstructure changes of simple emulsions by twin-fluid atomization
A series of atomization experiments was carried out to investigate the influence of
GLR on secondary droplets in simple emulsions (SE) having different viscosities
and using two different nozzle geometries (INMIX & EXMIX). The microstructure of the pre-emulsions and the spray-treated emulsions were characterized by
measuring the drop size distribution. In general, the volumetric mean diameter
of the secondary-drops, X50,3 , as well as the maximum drop size X90,3 decreases
with increasing GLR as demonstrated in Fig. 4.1 (top), for an emulsion with
initial X50,3 of 10 µm and X90,3 of 17 µm for INMIX (left) and EXMIX (right)
nozzles. The X50,3 values of the initial emulsion before and after passing through
the nozzle without additional gas flow can be read out from Fig. 4.1 (top) at GLR
= 0. Corresponding frequency distributions, q3 (x) (Eq. 4.2), of the droplets are
also shown in Fig. 4.1 (bottom).
q3 (x) =

∆Vi
∆Yi Σ∆Vi

(4.2)

In Eq. 4.2 ∆Vi is the total volume of droplets in a given drop size interval, i, of
width ∆Yi .
As seen in Fig. 4.1 (top) the EXMIX nozzle has a stronger dispersing impact even
at lower GLR compared to the INMIX nozzle type. Consequently, the drop size
distribution curves as a function of GLR for the EXMIX nozzle are shifted more
firmly to smaller drop sizes compared to those for the INMIX nozzle over GLR
(Fig. 4.1, bottom). The narrowing of the drop size distributions for the secondary
droplet are observed for both nozzle systems with increasing GLR. The reason is
that the bigger droplets are broken-up with increased probability, whereas smaller
droplets are either coalesced due to high stresses, or remain unchanged due to the
higher capillary pressure inside the droplet. However, droplet sizes below approximately 2 µm were not dispersed further in the investigated GLR and selected
pressure ranges. The capillary pressure inside the droplet increases proportionally
with decreasing the drop size (∆PCapillary = 2γ/X), and the acting flow stress
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Figure 4.1: (Top) Influence of GLR on X50,3 and X90,3 of the SE (O/W) secondary droplets using INMIX (left) and EXMIX (right) twin-fluid
atomizer with liquid cap exit diameter of 0.5 mm. (Bottom) Corresponding volumetric frequency distribution, q3 (x), of the secondary
emulsion-droplets at different GLR using INMIX (left) and EXMIX
(right) atomizer.
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using maximum GLR is insufficient to deform and breakup of droplets smaller
than about 2 µm. For the used INMIX nozzle, the microstructure of the SE was
remained unchanged within the GLR range of 0 - 0.5.
It was observed that an INMIX nozzle required higher GLR (higher energy consumption) compared to the EXMIX nozzle for similar drop dispersion impact.
Similar experiments were also performed for double emulsions (DE) to observe
the impact of spraying on the microstructure, and to compare with SE results.

Microstructure changes of double emulsions by twin-fluid atomization
The dispersed phase of a double emulsion (W/O/W) is a simple emulsion (W/O),
whose viscosity (perhaps viscoelastic as well) is higher than for the single oil phase
(e.g. sunflower oil, used as dispersed phase for SE). Therefore, the tendency of
the W/O emulsion drop breakup within the DE is expected to be lower than for
pure oil-drops within the SE. On the other hand, the related interfacial tension
of the DE was measured to be about an order of magnitude lower compared to
the SE (Fig. 3.8, top), which is expected to pronounce dispersion of secondary
drops within the DE. The primary droplet in DE were much smaller (approx.
X50,3 ≤ 1µm) than the critical size, and correspondingly the primary drops were
expected to be not influenced during the spraying process within the investigated
range of GLR. The investigation focuses consequently on the process parameter
impact on the secondary droplet size evolution within the sprayed DEs. In Fig. 4.2
(top), X50,3 and X90,3 of secondary DE [40 % (40 % W/O)/W] droplets with initial
secondary droplet diameter of X50,3,Initial ≈ 6.37 µm and X90,3,Initial ≈ 12.9 µm
are seen to decrease while using the INMIX nozzle, and processed in the spraying
pressure range of 101 kPa to 134 kPa. The shear viscosity of spray-treated DE with
higher GLR was consequently increased due to the oil-drop size reduction (Fig.
4.3). Therefore, rising of viscosity of the emulsion treated with increased GLR was
also an indirect evidence of lowering the mean droplet size. Most internal phase
(primary droplets) of DE was pure water. If the primary droplet is mixed with
the continuous phase of DE during spraying, then the viscosity should decrease
significantly. Therefore, rising of viscosity of the emulsion treated with increased
GLR was only an effect from lowering the secondary mean droplet size, and the
most internal phase fraction was in general remained unchanged. Similarly, X50,3
and X90,3 of the same DE were more strongly decreased with GLR while using
an EXMIX nozzle compared to an INMIX nozzle within the comparable spraying
pressure range of 101 kPa to 260 kPa as shown in Fig. 4.2. Three microscopic
pictures of DE are inserted in the Fig. 4.2 (bottom), and the average droplet size
was observed to be decreased with increasing GLR.
For keeping the microstructure of DE unchanged, an INMIX nozzle is the better
choice over a wider GLR range. On the other hand, the GLR also derives the
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Figure 4.2: Dispersing of secondary droplets within DE (in terms of X50,3 and
X90,3 ) with increasing GLR using INMIX (Top) and EXMIX (Bottom)
twin-fluid atomizer with liquid cap exit diameter of 0.5 mm. (Primary
droplets too small to be well visible at the magnification of the inserted
micrographs)
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Figure 4.3: Shear viscosity as a function of shear rate of different DE samples after
treating at different GLR conditions using an INMIX nozzle (dn = 0.5
mm).
spray drop or spray particle size distribution of the end-use prilled or spray-dried
powder.
In Fig. 4.1 (top) & Fig. 4.2, X50,3 and X90,3 of the initial emulsion (always larger
droplet size compared to that with any kind of process treatment), and the value
of X50,3 and X90,3 of the same emulsion passing through the nozzle are shown at
zero GLR. These results clearly indicate that the nozzle itself has a dispersion
impact on emulsions due to the shear and elongation stresses acting inside the
liquid-cap (e.g. liquid-cap inlet diameter 5.0 mm, exit diameter 0.5 mm, length
29 mm).

4.1.2 Impact of liquid-cap (LC) on the secondary droplet
(dispersion of emulsion)
As stated in the previous section, the liquid-cap of used nozzle has a significant
impact on the microstructure of the simple and double emulsions. Therefore, the
influence of the flow inside the liquid-cap of a nozzle was studied distinctly for
separating liquid-cap effect and GLR. The effect of liquid-cap can be minimized
by adjusting either nozzle diameter or, the emulsion flow rate for a given nozzle or,
emulsion system, whereas the GLR is a variable, which is limited by the desired
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spray drop size or final particle size. Therefore, impact of liquid-cap tip velocity on
the secondary droplet amendment has been discussed separately in the following
section.
Influence of flow through liquid-cap on the microstructure of SE and DE
Emulsions of different drop sizes were passed through several sized liquid-caps of
the spray nozzles. Experiments were carried out with a simple emulsion (SE),
and varying between four different initial mean droplet sizes (all emulsions having
initial drop sizes of 16 , 11, 10, and 6 µm show Newtonian flow behavior within
a shear viscosity range from 0.0886 to 0.12 Pa s). The mean drop size of the SE
samples was seen to be decreased while passing through the liquid-cap exit of 0.5
mm with increasing flow rate of the emulsion inside the liquid-cap. In Fig. 4.4
(top), X50,3 values of such an emulsion are shown as a function of liquid flow rate
at the exit of the liquid-cap. As expected, the emulsions with bigger mean drop
goes faster dispersion with increasing flow rate compared to one emulsion with
smaller mean drop size due to lower capillary pressure in the bigger secondary
drops. The volumetric frequency distribution of the resulting emulsion drop is
accordingly shifted to the smaller droplet size region with increasing velocity or
flow rate of liquid passing through the liquid-cap of 0.5 mm diameter. In Fig. 4.4
(bottom), volumetric frequency distribution of a pre-emulsion with 16 µm mean
drop size, and its corresponding emulsion treated by liquid-cap flow at different
flow rate conditions are shown. The volumetric frequency distribution of the
treated emulsion drop is accordingly shifted to the smaller droplet size region
with increasing velocity or flow rate of the liquid through the liquid-cap of 0.5 mm
diameter. The corresponding Reynolds numbers as a function of nozzle diameter
(dN ) or emulsion mean droplet size (X50,3 ) were calculated at the exit of the
liquid-cap using Eqs. 4.3 and 4.4 using the upper Newtonian shear viscosity (the
emulsion with X50,3 ≤ 6 µm only exhibits non-Newtonian flow behavior as shown
in section 3.3.1). The Reynolds number represents the ratio between inertia force
and viscous force as follows:
Rel,N ozzle =

Rel,Drop =

ρl dn ul
(a f unction of nozzle diameter)
η∞

ρl X50,3 ul
Rel,N ozzle X50,3
=
(a f unction of emulsion X50,3 )
η∞
dn

(4.3)

(4.4)

where ρl is the density of the liquid at 20 o C, dn denotes the diameter of the
nozzle exit, η∞ and ul are the upper Newtonian shear viscosity and the velocity
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Figure 4.4: (Top) Influence of emulsion flow rate flowing through a liquid-cap contraction in a nozzle on the mean drop size (X50,3 ) in SE (O/W). (Bottom) Volumetric frequency distribution, q3 (x), of primary droplet of a
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of the liquid at the nozzle tip, respectively. For spray droplets, the characteristic
length is usually defined by the diameter of nozzle tip. Since the main focus of
the present study was the dispersion of emulsion droplets, therefore, the emulsion
droplet diameter (X50,3 ) was used as a characteristic length.
The interfacial tension at the fluid-fluid interface is defined as the amount of energy
needed to deform the interface. Interfacial tension plays an important role during
the spray droplet formation (surface tension) as well as dispersion of emulsion
(interfacial tension). The liquid Weber number defines the ratio between the
applied kinetic energy (responsible to deform the drop interface) to the interfacial
energy that retains the droplet to lower specific surface. For spray droplets, the
characteristic length and surface energy are usually the diameter of nozzle tip
and surface tension (liquid-air interface) respectively as shown in Eq. 4.5. The
emulsion surface tension is a dynamic property after formation of a new droplet.
Since, the spraying is a very fast process, therefore, surface tension is employed at
time equal to zero in the Eq. 4.5 (see the calculation procedure of surface tension
at time equal to zero in the section 3.3.4). The main focus of this section is to
understand the dispersion of emulsion droplets in the liquid-cap, therefore, the
emulsion droplet diameter (X50,3 ) is used as a characteristic length as shown in
the Eq. 4.6. Interfacial tension is also a dynamic property after a droplet breakup.
Meanwhile, the spraying process is a rapid process, therefore, interfacial tension
is used at time equal to zero in the Eq. 4.6 (see section 3.3.5).
ρl u2l dn
σ0

(4.5)

ρl u2l X50,3
γ0

(4.6)

W el,N ozzle =

W el,Drop =

where σ0 and γ0 are the surface tension, and interfacial tension at t = 0, respectively.
Emulsions of the types SE (O/W) and DE (W/O/W) with different drop sizes
were passed through several sized liquid-caps of the spray nozzles. From this
X50,3 /X50,3,Initial , the resulting ratio is plotted against liquid Reynolds number
(Rel,Drop ) as demonstrated in Fig. 4.5 (top). Two critical Reynolds number domains were found at about 0.2 and 1.0 for SE and DE, respectively. Above such
respective critical Reynolds number (Rel,Drop,cr ), the emulsion-drops got further
dispersed due to the effect of the liquid-cap in the nozzle. Therefore, the emulsion
dispersion can be prevented by adjusting the Reynolds number below this critical
value, and can be achieved by changing flow rate or diameter of the liquid-cap
exit of a nozzle accordingly. It was found that the critical Reynolds number for
DE was much higher than SE. Although the interfacial tension in DE is an order
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Figure 4.5: X50,3 /X50,3,Initial is plotted as a function of Rel (Top) and W el (Bottom) for different emulsion system (SE & DE with different mean drop
size) using different liquid-cap exit (from 0.5 to 2.5 mm).
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of magnitude lower compared to the interfacial tension of the interface between
dispersed and the continuous phase of SE, but Rel,Drop,cr for DE is significantly
higher compared to Rel,Drop,cr for SE which seems to be due to the higher viscosity of the dispersed phase. The droplets of the DE (dispersed phase) resist the
size-reduction by high shear, and extensional deformation inside the liquid-cap
of the nozzle up to higher Rel,Drop numbers of about 1.0 as they contain highly
viscous and elastic dispersed droplets. In Fig. 4.5 (bottom), the X50,3 /X50,3,Initial
is plotted as a function of a Weber number, W el,Drop . Two critical Weber number
(W el,critical ) domains were noticed at about 20 and 100 for SE and DE respectively.
Above such critical Weber number, the emulsion-drops got further dispersed by
unique effect of shear and elongation stresses inside the liquid-cap.
The above results indicated that the viscosity ratio (λ) between dispersed to continuous phase has an impact on dispersion of emulsion passing though nozzle,
therefore, the influence of λ-value are discussed separately in the following section.
Influence of viscosity ratio on secondary droplet
It was observed that the dispersed phase of DE was relatively stable compared to
the dispersed phase of SE (Fig. 4.5). The effect of interfacial tension is taking
into count in the Weber number, therefore, the effect of viscosity ratio of dispersed
to continuous phase (λ) has been seen clearly. According to Grace’s curve (Fig.
4.42), the viscosity ratio of dispersed to continuous phase (λ) has a significant
impact on the dispersion of secondary droplets. The viscosity ratio of dispersed
to continuous phase (λ) can be defined as follows (Eq. 4.7):
λ=

ηd
ηc

(4.7)

where ηd and ηc are the viscosity of dispersed and continuous phase of an emulsion
respectively.
To observe the effect of viscosity ratio (λ) on the dispersion of emulsion in the
liquid-cap, different emulsion systems with different viscosity ratio from 0.32 to
30.2 was passed through several sized liquid-cap diameter (from 0.5 to 2.5 mm)
of the spray nozzles. Newtonian viscosity of continuous phase was maintained
for both SE and DE. Dispersed phase of SE was also Newtonian, whereas the
dispersed phase of DE was a slightly shear thinning fluid. It was assumed that the
dispersed phase of an emulsion experiences relatively lower shear rate compared
to the true shear rate faced by continuous phase. Therefore, zero shear viscosity
was considered as the viscosity of the DE dispersed phase.
In the Fig. 4.6, X50,3 /X50,3,Initial is plotted as a function of W el,Drop for different
emulsion systems. It can be seen that the lower λ of an emulsion shows lower
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Figure 4.6: Effect of viscosity ratio (λ) between dispersed phase to continuous on
the secondary droplet dispersion is shown. Where X50,3 /X50,3,Initial is
plotted as a function of W el,Drop for different emulsion system (SE &
DE with different mean drop size) with different viscosity ratio (λ)
from 0.32 to 30 between dispersed phase to continuous phase using
different liquid-cap exit from 0.5 to 2.5 mm. Viscosity ratio for first
six SE are 30.19, 20.45, 6.6, 2.17, 0.82, and 0.32, respectively. At rest
λ of SE is 3.8, and those of DE is about 30.
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stability compared to higher λ contained emulsion. It was also found that the
dispersed phase of DE with the same λ value exhibited marginally higher stability
compared to a SE dispersed phase.
Now, the critical Weber number was observed to be a function of λ value. In
other word, non-dispersion and dispersion region can not be distinguished by
Weber number. Therefore, a generalized approach is discussed in the following
section.

Generalized liquid-cap impact on the emulsion dispersion
In the previous section, it was found that the stability of secondary droplet depends not only on the process parameters, but also on the λ-value. A new
dimensionless number, W el,Drop /λ, was introduced, where process parameters,
interfacial tension as well as the viscosity ratio were considered. In Fig. 4.7
(top), X50,3 /X50,3,Initial is plotted as a function of the new dimensionless number
W el,Drop /λ using the same results from Fig. 4.6. All data points were overlapped
to each other except three sets of data points, which were treated with 2.5 mm
nozzle. It is clearly seen that the secondary mean droplet sizes (X50,3 ) remain unchanged with W el,Drop /λ up to 5 and start to exponentially decrease with higher
W el,Drop /λ. In the similar manner, X90,3 /X90,3,Initial is plotted as a function of the
new dimensionless number W el,Drop /λ for the same emulsion systems. It was again
observed that the secondary maximum droplet sizes (X90,3 ) also remain unchanged
with W el,Drop /λ up to 5 and start to gradually decrease for higher W el,Drop /λ.
In Fig. 4.7, a small discrepancy was observed for most of the emulsion systems,
while 2.5 mm nozzle was used due to higher frictional stress experienced by the
emulsions. The frictional coefficient or, Newton number (N e) can be defined by
the following equation (Eq. 4.8).

Ne =

∆P dN
ρl u2l Ltip

(4.8)

where ∆P and Ltip are the pressure difference inside the nozzle and length of
nozzle tip, respectively. In the Fig. 4.8, friction factors inside the nozzle for
different emulsion systems are plotted as a function of liquid Reynolds number.
It was observed that the frictional coefficients of three nozzles with diameter of
0.5, 0.7, and 1.0 mm were in the similar range, whereas the frictional coefficient
for the nozzle with diameter of 2.5 mm was an order of magnitude higher than
others. Therefore, relative dispersion capability of using nozzle with diameter of
2.5 mm was much higher compared to others as shown in the Fig. 4.7. The
data of X50,3 /X50,3,Initial or X90,3 /X90,3,Initial as a function of W el,Drop /λ can be
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Figure 4.7: (Top) X50,3 /X50,3,Initial is plotted as a function of W el,Drop /λ for different emulsion system (see Fig. 4.6) with different viscosity ratio (from
0.32 to 30) between dispersed phase to continuous phase using different
liquid-cap exit (from 0.5 to 2.5 mm), and (Bottom) X90,3 /X90,3,Initial
is plotted as a function of W el,Drop /λ.
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Figure 4.8: Friction factor or Newton number (N e) in side the nozzle is shown as
a function of liquid Reynolds number (Rel ).
well fitted with the Eq. 4.9 for getting information of the viability of the emulsion
during passing through nozzle.
h

χ = 1 + (mΨ)2

in

(4.9)

where χ = X50,3 /X50,3,Initial or X90,3 /X90,3,Initial , Ψ = W el,Drop /λ or W eg,Drop /λ,
and n, m are the fitting parameters. In Fig. 4.9, it is seen that the experimental data and model equation (Eq. 4.9) are well fit for both X50,3 /X50,3,Initial and
X90,3 /X90,3,Initial as a function of W el,Drop /λ. The fitting parameters n and m
were found as -0.169 and 0.08, respectively for both cases with average relative
error percentage of 10 % and 9 % for X50,3 /X50,3,Initial and X90,3 /X90,3,Initial , respectively.
By knowing physical properties of emulsion and operational conditions in side
nozzle, the degree of secondary droplet size reduction can be estimated from the
Eq. 4.9 for all kind of emulsions with viscous-phases and -interface.

4.1.3 Generalized impact of spray process parameters on
emulsion structure
From the above experimental results and discussions, it becomes clear that GLR
and the gas-liquid interaction pattern (internal and external mixing nozzle) has
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Figure 4.9: (Top) Experimental variation of X50,3 /X50,3,Initial as a function of
W el,Drop /λ for different emulsion systems (symbols) and model equation (Eq. 4.9) fitting (solid line) are shown, and (Bottom) experimental
variation of X90,3 /X90,3,Initial as a function of W el,Drop /λ for different
emulsion systems (symbols) and model equation (Eq. 4.9) fitting (solid
line) are presented.
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specific impacts on the emulsion microstructure. The influence is such significant that the microstructure of any multiple emulsion can be destroyed during
spray processing without considering these issues. In this respect, one could use
spray-drying or prilling to produce powder from multiple emulsion for encapsulation purpose which requires keeping the microstructure unchanged by optimizing
these parameters. Therefore, we have derived these effects in a non-dimensional
relations in the following section to use it for scaling purposes.
It was observed that the mean droplet size (X50,3 ) of the pre-emulsions used decreased to a lower size denoted as X50,3,N ozzle while passing through the liquid-cap
only. To separate the spraying impact (a function of GLR, relative velocity, air
pressure etc.) on the reduction of emulsion droplet sizes, we considered X50,3,N ozzle
as the reference mean droplet-size of the emulsion accessing the two phase flow
region of the spraying nozzle.
The gas Weber number is a ratio between the applied relative kinetic energy (responsible to deform the interface) to the interfacial tension (restriction for interface
deformation) of emulsion. For spraying process, two gas Weber numbers are defined for secondary droplet and tertiary droplet (Eq. 4.10 and 4.11, respectively).
For spray droplets (tertiary droplet), the characteristic length and surface energy
are usually the diameter of nozzle tip and surface tension as given in Eq. 4.10.
The emulsion surface tension is a dynamic property during formation of a new
spray droplet, and meanwhile, the spraying process is a very fast process, therefore, surface tension is employed at time equal to zero in the Eq. 4.10 (see section
3.3.4). On the other hand, the interfacial tension impacts on the breakup of primary or secondary droplet rather than the surface tension. The aim of this study
is to investigate the dispersion characteristics of emulsion droplets using different
nozzle during spray processing. Therefore, a gas Weber number, W eg,drop (γ), is
calculated accordingly using the interfacial tension (γ) rather than the surface tension (σ). The emulsion droplet diameter (X50,3 ) is used as a characteristic length
for the gas Weber number, W eg,Drop , as shown in Eq. 4.11. Interfacial tension is
also a dynamic property during a new interface formation due to droplet deformation or, breakup. However, the spraying process is a rapid process, therefore,
interfacial tension is used at time equal to zero in the Eq. 4.11 (see section 3.3.5).
W eg,N ozzle =

ρg (ug − ul )2 dg
σ

(4.10)

ρg (ug − ul )2 X50,3
(4.11)
γ
where ρg is the density of air at 20 o C, ug and ul are the velocities of gas and liquid
respectively at the nozzle tip. The dg is the equivalent diameter of gas exit. The
equivalent diameter of gas exit dg is defined as an equivalent
diameter of the gas
q
exit around the liquid stream, and defined as dg = 4A/π, where A is the area
W eg,Drop =

66

4.1 Spray processing: structural preservation criterion (process-structure relation)
between inner diameter of air-cap and outer diameters of liquid-caps for EXMIX
nozzle, and the area between outer diameter of gas exit and the filament diameter
or the inner diameter of liquid-cap for INMIX nozzle (Fig. 3.9).
Design criterion of the secondary droplet viability as function of there dimensionless numbers are discussed in the following section.

Scaling-up of twin-fluid atomization for emulsion
In Fig. 4.10 (top), X50,3 /X50,3,N ozzle of SE & DE are plotted as a function of
the gas Weber number, W eg,Drop , for both INMIX and EXMIX nozzles and two
different flow rate conditions of 0.05 l/min (8.33 × 10−7 m3 /s) and 0.2 l/min
(3.33×10−6 m3 /s). It was observed that the secondary droplet of DE is more
stable than the secondary droplet of SE due to the high λ-value of DE. It was
also seen that the dispersion efficiency by INMIX nozzle is equal or slightly lower
compared to the EXMIX nozzle. Though, the spray processing using INMIX
required high GLR compared to EXMIX, but INMIX nozzle generated relatively
gentle filament stretching and spraying. In other words, the INMIX nozzle is more
efficient for keeping the microstructure unchanged for the spray application. On
the contrary, EXMIX can be suitable for such applications where further dispersion of secondary droplet may be desirable. For INMIX nozzles, the secondary
droplet size of SE and DE remained unchanged up to 95% compared to that of
the reference droplet size (X50,3,N ozzle ) at the flow rate of 0.2 l/min below a critical gas Weber number, W eg,Drop,cr equal to about 2.0 and 10 respectively. It was
found that the secondary droplet sustainability was slightly increased using higher
throughput of the emulsion. The reference mean droplet size (X50,3,N ozzle ) is certainly much lower for higher liquid flow rate condition due to more pre-reduction of
the droplet in the liquid-cap, and lower droplet contains higher capillary pressure
and needs higher stresses to breakup during spraying (high stability). Therefore,
at higher liquid flow rate condition of 0.2 l/min, the dispersed emulsion droplet
size of SEs or DEs remain relatively less affected during atomization compared to
the lower flow rate (0.05 l/min) condition (Fig. 4.7). In Fig. 4.10 (bottom), the
ratio of the maximum droplets, X90,3 /X90,3,N ozzle , of SE & DE are plotted as a
function of the gas Weber number, W eg,Drop , for both INMIX and EXMIX nozzles
and two different flow rate conditions of 0.05 l/min (8.33 × 10−7 m3 /s) and 0.2
l/min (3.33×10−6 m3 /s). Similar effects were observed as seen in Fig. 4.10 (top).
However, the effect of viscosity ratio (λ) on the dispersion was minimized. For
scaling reason, X50,3 /X50,3,N ozzle and X90,3 /X90,3,N ozzle of SE & DE are plotted as
a function of a dimensionless number, W eg,Drop /λ, for both INMIX and EXMIX
nozzles and two different flow rate conditions as shown in the Fig. 4.11. All data
points were nicely superimposed to each other for secondary maximum droplet
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Figure 4.10: (Top) X50,3 /X50,3,N ozzle of SE (O/W ) and DE (W1 /O/W2 ) is plotted
as a function of gas Weber number W eg,Drop for two liquid flow rate
condition (0.05 l/min and 0.2 l/min) using INMIX and EXMIX nozzle
for comparing the stability of DE over SE. (Bottom) X90,3 /X90,3,N ozzle
of SE (O/W ) and DE (W1 /O/W2 ) is plotted as a function of gas
Weber number W eg,Drop for two liquid flow rate condition (0.05 l/min
and 0.2 l/min) using INMIX and EXMIX nozzle.
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Figure 4.11: (Top) X50,3 /X50,3,N ozzle of SE (O/W ) and DE (W1 /O/W2 ) is plotted
as a function of a dimensionless number W eg,Drop /λ using same process condition of Fig. 4.10. (Bottom) X90,3 /X90,3,N ozzle of SE (O/W )
and DE (W1 /O/W2 ) is plotted as a function of a dimensionless number W eg,Drop /λ using same process condition of Fig. 4.10.
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Figure 4.12: (Top) Experimental investigation of X50,3 /X50,3,N ozzle as a function
of a dimensionless number W eg,Drop /λ (symbols) and model equation
(4.8) fitting (solid line) are shown. (Bottom) Experimental study of
X90,3 /X90,3,N ozzle as a function of a dimensionless number W eg,Drop /λ
(symbols) and model equation (4.8) fitting (solid line) are shown.
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Figure 4.13: X50,3 /X50,3,N ozzle of SE (O/W ) and DE (W1 /O/W2 ) is plotted as a
function of a dimensionless number W eg,N ozzle using same process
condition of Fig. 4.10.
(X90,3 ), whereas the data point was inadequately overlaid to each other for secondary mean droplet (X50,3 ). It is clearly seen that the secondary mean droplet
sizes (X50,3 ) remain unchanged with a critical value of W eg,Drop /λ approximately
0.5 (up to 2.0) and start to gradually decrease with higher W eg,Drop /λ. It was
again observed that the secondary maximum droplet sizes (X90,3 ) also remained
unchanged with W eg,Drop /λ approximately 0.5 (up to 2.0) and started to gradually decrease with higher W eg,Drop /λ. To understand better the transition of the
secondary droplet dispersion as a function of W eg,Drop /λ, the data were fitted by
the model equation (Eq. 4.9) which fitted reasonably well with the experimental
data as shown in the Fig. 4.12. The model fitting parameters obtained for n and
m as -0.212 and 0.394, respectively. Fig. 4.13 represents the X50,3 /X50,3,N ozzle as a
function of W eg,N ozzle , which devotes information about an approximate relation
between W eg,Drop and W eg,N ozzle using Fig. 4.10 and Fig. 4.13, however, by definition they are quite different as in Eq. 4.10 and 4.11 depending on the secondary
drop size and interfacial tension.
Effect of viscosity ratio and scaling-up of INMIX and EXMIX
In the previous section, it was seen that the viscosity ratio of dispersed to continuous phase (λ) has a big influence on the further dispersion of emulsion during
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spraying. However, the effect of INMIX and EXMIX on the dispersion was not
fully clear. For well understanding of the effect of (i) the viscosity ratio (λ), and
(ii) nozzle geometries (INMIX and EXMIX) on the dispersion, a separate set of
experiments were carried out with SE varying λ-values from 0.32 to 30.2.
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Figure 4.14: X90,3 /X90,3,N ozzle of SE (O/W ) is plotted as a function of gas Weber
number W eg,Drop /λ for the liquid flow rate of 0.05 l/min using INMIX and EXMIX nozzle. Both dispersed and continuous phases are
Newtonian and λ-values are varied from 0.32 to 30.2.
In the Fig. 4.14, X90,3 /X90,3,N ozzle of SE (O/W ) is plotted as a function of a dimensionless number W eg,Drop /λ for the liquid flow rate of 0.05 l/min using INMIX
and EXMIX nozzles. It is again seen that a critical value of W eg,Drop /λ separates
the non-dispersion to dispersion regime. The critical value of W eg,Drop /λ was
approximately four, which was a bit higher compared to that value found in the
previous section. The reason is not fully understood. However, it was also found
that the effect from EXMIX and INMIX on the dispersion was not significantly
different. For SE with higher λ-values, all data points were nicely superimposed
to each other for secondary maximum droplet (X90,3 ), whereas the data point
was inadequately overlaid to each other for λ-values lower than 1.0, and those
highly sensitive emulsions (when λ-values less than 1) showed more scattering of
the data. The wideness of the dispersion comes also from the combination of the
shear and extensional impacts and their irregular contribution. In addition, the
viscosity of the emulsion with lower λ-value was much higher compared to one
with higher λ-value, therefore, the acting stresses was higher for lower λ-value at
a given shear rate condition.
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Figure 4.15: Percent of iron retained in the DE (W1 /O/W2 ) during spraying is
plotted as a function of gas Weber number, W eg,N ozzle . Where 0.1
wt% of iron-salt, FeSO4 , was used as a solution in the internal water (W1 ) phase of the DE, and liquid phase (DE) flow rate was 235
ml/min (3.92 × 10−6 m3 /s). The maximum possible concentration,
CF e,0 = 0.0014159986 mol/L, and release of iron due to only liquid
flow through nozzle is about 25 %.
Spraying of DE (W1 /O/W2 ) and release of tracer into continuous phase
In the previous sections, the impact of the material properties of emulsion and
spray process parameters on the dispersion was described. It provided information
about the dispersion of secondary droplet of DE, rather than the release of encapsulated component. The release of functional component during spray-processing
may also be influenced by shear induced diffusion and osmotic pressure. Therefore, iron-salt (FeSO4 ) encapsulated DE was sprayed and observed the retained
amount of iron in the sprayed emulsion. The conductivity method was used for
measuring the concentration of iron. The retained amount of iron is defined as
follows (Eq. 4.12):
"

#

CF e,Spray − CF e,N ozzle
× 100
% iron retained (relative) = 1 −
CF e,0 − CF e,N ozzle

(4.12)

where CF e,Spray , CF e,N ozzle , and CF e,0 are the concentration of iron in the sprayed
DE, concentration of iron in the DE after passing through the nozzle (without gas

73

Results and discussion
flow), and maximum possible concentration of iron at full release situation respectively. In the Fig. 4.15, percent of iron retained in the DE [40%(40%W1 /O)/W2 ] is
shown as a function of gas Weber number, W eg,N ozzle during spraying. Where the
most internal water phase (W1 ) of the DE contained 0.1 wt% of iron-salt, FeSO4 ,
as a solution. It is observed that the encapsulation capacity was decreasing gradually with increasing W eg,N ozzle . The result showed that more than 80 % of iron
was preserved for W eg,N ozzle <100, and retention capacity of iron was reduced to
60 % at highest W eg,N ozzle (air pressure 3.33 bar) at liquid flow rate of 235 ml/min
or 3.92 × 10−6 m3 /s (percentage of encapsulation retention was a relative value
defined in the Eq. 4.12). High osmotic pressure, shear induced transport was the
main responsible factor for the release of iron from internal phase to continuous
phase. As mentioned in section 4.1.2, liquid flow through the nozzle has some
degree of dispersion without spraying, and the release of iron during nozzle flow
was about 25 % at liquid flow rate of 235 ml/min using nozzle liquid-cap of 0.5
mm.

4.1.4 Spray characterization of tertiary emulsion droplet
Effect of spraying on tertiary droplet of SE
Small size and narrow size distribution of the spray drops/particles are desirable
for most of the industrial applications. As discussed in the previous sections,
the criteria for keeping the microstructure of an emulsion unchanged, which is
equally important for applications where functional components shall be preserved
within such microstructure. To obtain the small spray-droplet and still keeping
the emulsion microstructure unchanged is technologically enormously challenging.
For example, higher GLR is required to get smaller spray drops, whereas such
higher GLR could destroy the functional microstructure. Therefore, a number of
experiments were performed at similar GLR condition, and to obtain the smallest
possible and most narrowly distributed spray droplets using commercial air assisted nozzles (INMIX and EXMIX). Eventually, the aim of the study was to find
out the spray regime, which gives relatively smaller droplet compared to nozzle
diameter, and keeping the microstructure mostly unchanged.
In Fig. 4.16, the d50,3 of spray SE droplets and their Span for each sample are
plotted as a function of GLR and W eg,N ozzle (σ). The Span of spray droplet is
defined as [(X90,3 − X10,3 )/X50,3 ]. The result shows that d50,3 of spray droplets is
gradually decreasing with increasing GLR. The EXMIX nozzle required lower GLR
compared to INMIX nozzle to generate comparable spray drop size as shown in
Fig. 4.16 (top). On the other hand, INMIX nozzle reached to slightly lower values
of d50,3 of spray droplet at a given W eg,N ozzle (σ). In conclusion, INMIX nozzle is

74

4.1 Spray processing: structural preservation criterion (process-structure relation)

!"#$%&'(%%%%%)*%%%%%+'!*%*+P,+

#!!!!

01203+4#!!+,56,789
:3203+4#!!+,56,789
;<=1+4012039
;<=1+4:32039

#!!!

#!!

#!

#

!"#
!

!"#

!"$

!"%

!"&

!"'

!"(

!")

-./+

!"#$%&'(%%%%%)*%%%%%+$!%&%'P('

#!!!

#!!

#!

#

0,102'3#!!'(/4(567
82102'3#!!'(/4(567
9:;,'30,1027
9:;,'3821027

!"#
#!

#!!

#!!!

#!!!!

)*+%,-../*';ʍͿ'

Figure 4.16: (Top) Mean spray drop size (Tertiary droplet, Fig. 1.2), d50,3 , of SE
(O/W) is plotted as a function of GLR at liquid flow rate 100 ml/min
(1.67 × 10−6 m3 /s) using INMIX and EXMIX nozzle and corresponding Span-value of the droplets as a representation of size distribution
of the spray-droplets. (Bottom) Mean spray drop size, d50,3 , of SE
(O/W) is plotted as a function of gas Weber number W eg,N ozzle (σ)
at liquid flow rate 100 ml/min using INMIX and EXMIX nozzle and
corresponding Span-value of the droplets.
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Figure 4.17: X50,3 /X50,3,N ozzle and d50,3 /1000 of SE (O/W) is plotted as a function
of gas Weber number W eg,N ozzle (σ) using INMIX and EXMIX nozzle for comparing the stability of SE, and corresponding secondary
droplet evaluation for INMIX nozzle at the corresponding GLR range.
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better for keeping the microstructure unchanged, and forming the smaller spray
droplet at a given W eg,N ozzle (σ) compared to the EXMIX nozzle. In addition,
X50,3 /X50,3,N ozzle and d50,3 /1000 of SE is plotted as a function of W eg,N ozzle (σ)
(Fig. 4.17). It is clearly seen that for INMIX nozzle, the microstructure can be
remained unchanged (about 80 %) up to maximum W eg (σ) equal to 400 and 1500
for two different liquid throughputs of 50 ml/min (8.33 × 10−7 m3 /s) and 200
ml/min (3.33 × 10−6 m3 /s), where the mean spray droplet of SE can be reached
as small as about 500 µm and 100 µm respectively. The reference mean droplet
size (X50,3,N ozzle ) for higher liquid flow rate condition was certainly much smaller
due to more pre-reduction of the droplet in the liquid-cap, and smaller droplet
contained higher capillary pressure and needed higher stresses to breakup during
spraying (high stability). Similarly, the microstructure was remained unchanged
(about 90 %) up to maximum W eg (σ) = 500, where the spray droplet of SE
can only be reached as low as about 250 µm for INMIX nozzle. For further
reduction of spray droplet, the material properties (e.g. viscosity ratio of dispersed
to continuous phase, surface tension, viscoelasticity of interface etc.) will need to
be manipulated for application in encapsulation.

Spray visualization and spray regime
Primary and secondary breakup of spray filament might have a significant impact
on the secondary and tertiary droplet. Dumouchel (2008) has reported a review on the primary atomization, where three air-assisted atomization regimes
were identified as Rayleigh-type breakup, membrane type breakup and fibertype breakup. The regimes can be divided as function of Weber number as
a) Rayleigh-type breakup: 15 < W eg,N ozzle < 25, b) Membrane-type breakup:
25 < W eg,N ozzle < 70, c) fiber-type breakup: 100 < W eg,N ozzle < 500. The
present study emphasis was to investigate the impact of these three regimes on
the secondary and tertiary droplet breakup. Therefore, high speed videography of
the SE emulsion (40 % O/W with X50,3 = 10 µm) spray processing was performed
to visualize the filament stretching and breakup in the wide range of gas Weber
number(W eg,N ozzle ) using two different nozzles. The representative images of filament stretching and breakup with different gas Weber numbers (W eg,N ozzle ) are
shown in Fig. 4.18 for EXMIX nozzle and Fig. 4.19 for INMIX nozzle. In the Fig.
4.18, the Rayleigh-type breakup was observed at least up to a gas Weber number (W eg,N ozzle ) of 51, and the membrane-type breakup of the SE emulsion was
observed at least the gas Weber number (W eg,N ozzle ) from 71 to 227 for EXMIX
nozzle. However, fiber-type breakup was monitored at a high gas Weber number
(W eg,N ozzle ) of 415 for EXMIX nozzle. Similarly, the membrane-type breakup for
INMIX nozzle of the SE emulsion was observed at least from 27 to 125.
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Figure 4.18: X50,3 /X50,3,N ozzle and d50,3 /1000 of SE (O/W) is plotted as a function of gas Weber number W eg,N ozzle (σ) using INMIX and EXMIX
nozzle with diameter of 0.5 mm for comparing the stability of SE,
and corresponding secondary droplet evaluation for INMIX nozzle at
the corresponding GLR range. The images of the corresponding filament breakup using EXMIX with diameter of 0.5 mm at different
Weber numbers are illustrated (liquid flow rate 50 ml/min (8.33 ×
10−7 m3 /s)).
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Figure 4.19: X50,3 /X50,3,N ozzle and d50,3 /1000 of SE (O/W) is plotted as a function
of gas Weber number W eg,N ozzle (σ) using INMIX and EXMIX nozzle with diameter of 0.5 mm for comparing the stability of SE, and
corresponding secondary droplet evaluation for INMIX nozzle at the
corresponding GLR range. The images of the corresponding filament
breakup using INMIX with diameter of 0.5 mm at different Weber
numbers are illustrated (liquid flow rate 50 ml/min).
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Figure 4.20: The shadowgraphic images of the filament stretching and breakup
using EXMIX (Top) and INMIX (Bottom) with diameter of 0.5 mm
at different Weber numbers are represented, where SE-14 with secondary droplet size of 4.5 µm is used at flow rate of 50 ml/min.
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It was also observed that the Rayleigh to membrane-type breakup was associated
with the unchanged secondary droplet, however, tertiary droplet was obtained
relatively bigger and close to dimension of nozzle diameter or bigger. Therefore,
unaffected secondary droplet size can only be obtained using commercial nozzle,
when the corresponding tertiary droplet will be much higher than the commercially
desired droplet size (approximately 30 - 100 µm).
In Fig. 4.20, the shadowgraphic images are shown for different process conditions
(W eg,N ozzle ) applying INMIX and EXMIX nozzles using SE-14 (X50,3 = 4.5 µm)
at flow rate of 100 ml/min. It was observed that the filament stretching while
using INMIX nozzle was larger compared to EXMIX. However, the stretching was
not well controllable.
Therefore, a new pressure controlled rotary-type atomizer was introduced, where
the main breakup mechanism is Rayleigh to membrane-type breakup discussed
in details in the section 4.2. It can produce relatively narrow size distributed
droplets compared to air assisted nozzle, and smaller spray drop relative to the
rotary atomizer nozzle used.

Effect of SE viscosity on tertiary droplet during spray processing
Fig. 4.21 (a) shows the variation in volumetric mean drop size d50,3 of tertiary
droplets with gas Weber number W eg,N ozzle , while passing through two different
nozzle geometries (EXMIX & INMIX) and starting with various pre-emulsion drop
sizes (corresponding viscosity curve are shown in section 3.3.1). The emulsions
exhibited shear thinning flow characteristics. The viscosities of those emulsions
are significantly different in the low shear rate regime (up to 100 s−1 ), however, not
much different in the high shear rate regime (γ̇>100). Therefore, the spray mean
drop size showed negligible difference for the investigated emulsions. In general,
the spray drop size was decreased with increasing gas flow rate for both nozzle
geometries. At a given gas Weber number W eg,N ozzle , the spray mean drop size
using INMIX nozzle was smaller than EXMIX nozzle in the range of investigated
regime. In addition, Fig. 4.21 (b) shows the corresponding spray drop cumulative
size distribution while only passing through INMIX nozzle starting with various
pre-emulsion drop sizes. The cumulative size distribution of spray drops were
very similar for all the treated emulsions at higher gas Weber number W eg,N ozzle
compared to lower gas Weber number W eg,N ozzle . However, it was seen that the
drop size distribution for the pre-emulsion with secondary mean droplet sizes of
2.0 and 4.0 µm showed alike behavior and bit smaller region compared to the
pre-emulsion with secondary mean droplet size of 10 µm, which was unexpected
due to lower viscosity. The reason could be the extensional thickening behavior
of the emulsions with secondary mean droplet sizes of 2.0 and 4.0 µm (see in the
section 3.3.1), which might reduce the liquid jet velocity at the nozzle tip.
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Figure 4.21: (a) Spray mean drop sizes (d50,3 ) of three different SE (same composition of 40 % O/W with different drop size of 2, 4, 10 µm) are shown
as a function of gas Weber number W eg,N ozzle at 50 cm distance from
nozzle tip, (b) the corresponding spray drop size distributions for
INMIX nozzle at 50 cm apart from nozzle tip.
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Figure 4.22: The spray drop size distributions using EXMIX nozzle of emulsion,
which mean spray drop are shown in Fig. 4.21 (a) for different gas
Weber number W eg,N ozzle .
To compare the size distribution of spray drops using INMIX and EXMIX nozzles,
the spray drop cumulative size distribution (pre-emulsion of secondary drop sizes
of 4 µm) of EXMIX is illustrated as a function of spray drop size for a range of
gas Weber number W eg,N ozzle in the Fig. 4.22. The broadness of the spray drop
distribution (Span) was increased with enlarging the gas Weber number W eg,N ozzle
for both nozzle geometries.
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4.1.5 Micro-structural powder production by prilling
Prilling is a integrated process of spraying with chilling unlike spray-drying. A
liquid is sprayed to produce drops falling through a cooling medium and crystallizing into particles. Most important part is the atomization step that determines
the spray drop size (tertiary droplet), microstructure of emulsion (primary and
secondary droplet) and the velocity of particle. The characterization of spraying
process of microstructured multiphase fluid is much more complex that discussed
in detail in the section 4.1. One additional integrated step with atomization is
needed such as drying for spray drying and chilling for prilling. Spray-drying
is very common and suitable for different spray processing application for dry
powder. Whereas prilling is suitable for thermal sensitive material and fat based
material (e.g. W/O or O1 /W/O2 ). Therefore, freeze-drying is needed for prilling
as an additional step to dry the water-based particle (e.g. O/W or W1 /O/W2 ).
For prilling, the solidified structure of the droplets also depends on the radial
cooling gradient in the droplet and the droplet surface. This gradient is a function of the spraying temperature, the droplet size and the relative velocity of the
droplet and the surrounding cooling gas flow (Windhab, 1999). The droplet size
depends on the spraying pressure, the spraying fluid temperature, fluid viscosity,
fluid surface tension and density, as well as on the nozzle type used.
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Figure 4.23: Cryo-SEM pictures of a Prills of DE emulsion [40 % (40 % O1 /W)/O2 ,
O2 : palm stearin] and its corresponding cross-section area using the
INMIX nozzle at W eg,N ozzle = 217.
Our aim was to produce microstructured functional powders from simple or multiple emulsions through this route for the application in food, pharmaceuticals,
cosmetics etc. The influences of process parameters on the tertiary and secondary
droplets have been investigated. The spray droplet studied at liquid state may
remain unchanged during prilling due to very fast cooling instead of agglomeration. Prilling experiments were then carried out to produce solid particles with
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Figure 4.24: (Top) Prills of a double emulsion (W/O/W) using the INMIX nozzle at W eg,N ozzle of 1470 (a) and 1950 (b), and (Bottom) cryo-SEM
pictures (c and d) of the cross-section of the prills at 2.0 bar.
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varying process conditions, two different nozzles (INMIX and EXMIX) and different emulsion systems. Prilling experiments were performed for both water and
fat-based SE and DE systems. Exemplar prills (particles from prilling) for two
extreme process conditions are shown in the following section.
Prilling of water- and fat-based simple and double emulsion
Prilling experiments were carried out for the production of solid particles from
water- and fat-based DE systems. In the Fig. 4.23 (right), cryo-SEM images
of a DE prills [40 % (40 % O1 /W)/O2 , where O2 was palm stearin] at 1.34 bar
air pressure using INMIX nozzle are shown. The cryo-SEM image (with 7000
magnification) of a prills cross-section is presented in the Fig. 4.23 (left). It is
seen that the particle size was large at gas Weber number, W eg,N ozzle , of 217. The
secondary droplet of DE were also seen in the cross-section of that prills. The
primary droplets in the secondary droplet were in comparable size and proportion
compared to that of the untreated DE (pre-emulsion), that was also found in the
section 4.1.3. Fig. 4.24 shows two typical cryo-SEM images of the DE [30 %(30
%W1 /O)/W2 ), where O-phase was palm stearin) prills at 1.8 and 2.0 bar air
pressure (corresponding W eg,N ozzle 1470 and 1950), and two cross-section areas
received from processing pressure of 2.0 bar (W eg,N ozzle = 1950, GLR = 0.38,
liquid flow rate: 200 ml/min (3.33 × 10−6 m3 /s) using INMIX nozzle diameter of
0.5 mm). The cryo-SEM images represented that the internal microstructure of
the pre-emulsion (DE) was not well retained during prilling at 2.0 bar air pressure,
which indicated that the primary droplets (W1 ) were partially merging with the
continuous phase (W2 ) due to very unstable DE.

4.1.6 Concluding remarks
The spraying of multiphase liquid is a complex phenomenon. A systematic study
has been presented for spraying of multiphase (multi-layers) liquid for different
applications. It was tried to characterize the twin-fluid atomization of emulsion
in terms of interaction of gas-liquid, impact of liquid-cap of a nozzle, GLR, and
total mass ratio on the microstructure of SE and DE to be unchanged, and on the
spray droplet of emulsion (SE). The effect of viscosity ratio (λ) on the dispersion
of emulsion inside and outside nozzle was also reported here. Studies showed that
INMIX nozzle was marginally suitable for keeping the microstructure of SE and
DE unchanged for the application in encapsulation. On the other hand, the sustainability of the secondary droplet of emulsion was limited up to a maximum gas
Weber number, (W eg,N ozzle ) condition, which gave relatively bigger spray droplet
(tertiary drop). Therefore, further study is necessary in the direction of improving material properties (e.g. viscoelasticity of dispersed or continuous phase, and
viscoelasticity of interface) for mechanical treatment condition during spraying.
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4.2 Rotary atomization: a gentle spraying
(process-structure relation)
In general, air assisted nozzle has more or less no control on the stretching of
the filament, and usually produce bigger spray droplet compared to nozzle diameter in a Rayleigh breakup regime, which spray-regime is desirable for keeping
emulsion microstructure unchanged (see section 4.1). By using laminar rotational
atomization (RA), the stretching of filament is well controlled due to centrifugal
acceleration and less turbulence in the air. In addition, the final spray droplet
diameter is relatively smaller than nozzle diameter of rotary atomizer (RAz), and
narrow size distribution due to Rayleigh breakup. However, high rotational speed
can not be used for multiphase fluid due to separation effect of dispersed and
continuous phase (usually the densities of dispersed and continuous phase are different). At low rotational speed of laminar RA, the spray droplet size is bigger
for the large nozzle diameter used. A new pressure-driven rotary atomizer model
has been built at the Laboratory of Food Process Engineering (ETH Zurich),
where the drop formation occurs as a result of extended filament stretching rather
than external stresses imposed by the airflow. This pressure controllable RA with
smaller nozzle diameter (e.g. 300 µm and 1.0 mm) was used, and the throughput
was maintained within laminar flow regime (Re < 2000). However, the nozzle
liquid-cap effect on dispersion of secondary droplet was pronounced while using
smaller nozzle diameter and high pressure. The impact of liquid nozzle cap on
the dispersion of secondary emulsion (see section 4.1) are known as a function of
liquid Rel,Drop , and can be avoided to adjust the right flow rate or corresponding
pressure. Whereas pressure and liquid flow rate are coupled, and has impact on
the filament stretching/breakup as well as on the breakup of the secondary drop.
It could generate high extensional stresses for the elongation thickening behavior of concentrated emulsion systems. There were indications from measurements
representing that filament stretching may not lead to high destruction rates of the
emulsion based internal drop phases. It was observed during CaBER measurement
(up to 10 times repeated measurements) that the breakup of emulsion drops was
not much influenced by the filament stretching. Shear deformation as applied in
a shear rheometer had a stronger destructive impact. Therefore, it was assumed
that the rotary atomizer can be a well suitable tool for the gentle spraying of
emulsions for encapsulation purposes.
High speed videography was used to visualize the evolution of filament stretching
and breakup phenomenon. A qualitative analysis was also done to investigate
the spray mean drop size as a function of RAz diameter, rotational speed, and
applied pressure (or throughput). A quantitative spray drop size analysis and
experimental optimization is further needed for scaling up the RA of emulsion
in terms of desired spray-drop diameter, narrow size distribution, and controlled
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microstructure of multiple emulsions.

4.2.1 Pressure controlled (laminar) rotary atomization
(pc-RA)
Pressure profile and corresponding flow rate using rotary atomization
Fig. 4.25 (top) is representing the variation in volumetric flow rate for different
applied pressures and rotational speeds for 30 % O/W emulsion (X50,3 = 11 µm).
It was seen that, the flow rates were linearly increasing with increasing the applied pressures without rotational speeds. On the other hand, at a certain applied
pressure, the pressure difference was gradually decreasing with increasing the rotational speeds from the static pressure (linear fit). This pressure difference was
generated due to the applied rotational speeds, which is separately demonstrated
in Fig. 4.25 (bottom) for different applied pressures (1 to 4 bar). The rotation
contributed pressure difference (RCPD) was found to be a function of initial applied pressure. At the lower rotational speed (500 rpm), the RCPD was seen to
be negligible for different initial applied pressure. On the other hand, RCPD was
found to be double for higher rotational speed (4000 rpm) from initial applied
pressure of 1.0 to 4.0 bar. In addition, various emulsion systems were studied
to monitor the filament stretching and breakup under rotary atomization. The
flow curves (shear stress vs shear rate) for the corresponding emulsion systems are
shown in Fig. 4.26. The emulsions with X50,3 = 11.2 and 11.0 µm was found to be
Newtonian fluid with shear viscosity (ηs ) of 0.056 and 0.0618 Pa s, respectively.
The emulsion with X50,3 = 5.2 µm was found to be a shear thinning fluid (Power
law fluid, ηs = 0.2975 × γ̇ −0.1351 ).
Pressure controlled filament breakup
The various images of stretching and time evolution of filament using RAz with
different rotational speeds (500, 1000, and 2000 rpm) at 2.0 bar inlet liquid pressure are demonstrated in Fig. 4.27. It can be seen that the filament bending was
much influenced by the rotational speeds which correspondingly also increased
the filament stretching. The Plateau-Rayleigh instability was observed during
time evolution of filament in RA for the investigated emulsion system due to the
tendency to minimize the surface area according to their surface tension. The
Plateau-Rayleigh instability and drop formation was found to be faster for higher
rotational speeds compared to that of the lower rotational speeds.
In Fig. 4.28, the filament stretching is shown using RAz diameter of 1.0 mm at 1
bar liquid pressure (350 ml/min) and 3000 rpm rotational speed. Membrane-type
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Figure 4.25: (Top) The applied pressure differences (∆P) are shown as a function
of desired flow rate for rotational speed of zero to 4000 rpm. (Bottom)
Pressure contribution solely from rotational speed are demonstrated
for different rotational speed up to 4 bar total pressure. 30 % O/W
emulsion (X50,3 : approx. 11.0 µm) was used with approximately a
constant shear viscosity of 0.062 Pa s.
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Figure 4.26: Viscosity of the emulsions (30 % O/W with X50,3 of 11, 11.2 and 5.2
µm) that used for videography of the rotational atomization.
filament breakup was observed and the instability of filament or drop formation
was found to be quite far from the nozzle. Higher liquid flow rate (bigger nozzle at
high pressure) did not show Rayleigh-type filament breakup, therefore, relatively
wider spray droplet size distribution was observed.
The development of filament stretching and drop formation mechanism of the
investigated emulsion system are represented in Fig. 4.29 using RAz at an applied
liquid pressure of 3.0 bar (corresponding flow rate ≈ 30 ml/min (5.0 × 10−7 m3 /s))
and rotational speed of 500 rpm. The drop formation was clearly observed followed
by the Plateau-Rayleigh instability and filament stretching.

Spray droplet evolution using pc-RAz
The drop formation and sizes using a RAz depend on the rotational speed and
applied pressure (or liquid flow rate). The drop sizes formed were observed to
be bigger for lower rotational speed as shown in Fig. 4.30, since the filament
stretching was less compared to that of the higher rotational speed. On the
contrary, the filament stretching was monitored to be larger for higher rotational
speed than that of the lower rotational speed resulting the thin filament formation
and correspondingly smaller spray drop sizes as a result of the shorter PlateauRayleigh instability wavelength. The experiment was performed at an applied
liquid pressure of 1 bar and varying the rotational speed from 500 to 4000 rpm
where the corresponding approximated average drop sizes were 550 to 220 µm,

90

4.2 Rotary atomization: a gentle spraying (process-structure relation)

<=$F"
GH-$A"

:31!"+"%%"

!"#"+$"%&"
!"#"*"%&"
!"#")"%&"
!"#"'"%&"
!"#"("%&"
!"#"$"%&"
,-./0!12304"52361!123&7"'"80/"419:16"-/.&&:/.;"<="/2!0!123">$$"/-%;"419:16"?42@"
/0!."AB(C$"D"+$E$F"%AͬƐ;уϮϬŵůͬŵŝŶͿǁŝƚŚϬ͘ϯŵŵŶŽǌǌůĞ͘"

;<$D"
EF,$)"
G$$$"=,&"

"920!"
'"%%"

!"#"G"%&"

!"#"'"%&"
!"#"$"%&"
!"#"*"%&"
!"#")"%&"
!"#"("%&"
+,-./!012/3"41250!012&6"("7/."308905",.-&&9.-:";<".1!/!012"'$$$".,%:"308905"=31>"
B$C
)
./!-")?*@$"A"'$ "% ͬƐ;уϮϬŵůͬŵŝŶͿǁŝƚŚϬ͘ϯŵŵŶŽǌǌůĞ͘"

:;$@"
DE+$)"
F$$$"<+&"

"81/!"
'"%%"

!"#")"%&"

!"#"("%&"
!"#"'"%&"
!"#"$"%&"
*+,-.!/01.2"3014/!/01&5"("6.-"2/78/4"+-,&&8-,9":;"-0!.!/01"($$$"-+%9"2/78/4"<20="
-.!,")>?@$"A"'$B$C"%)ͬƐ;уϮϬŵůͬŵŝŶͿǁŝƚŚϬ͘ϯŵŵŶŽǌǌůĞ͘"

Figure 4.27: Stretching and time evolution of filament using RAz with 500 rpm
(Top), 1000 rpm (Middle), 2000 rpm (Bottom) at 2.0 bar inlet liquid
pressure (Emulsion with X50,3 = 11.0 µm) with 0.3 mm RAz nozzle.
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Figure 4.28: Progress of filament stretching and drop formation mechanism are
shown using RAz at a process condition of 1.0 bar liquid pressure
(corresponding flow rate ≈ 235 ml/min (3.92 × 10−6 m3 /s)) of emulsion having X50,3 = 11 µm, and 3000 rpm rotational speed with 1.0
mm RAz nozzle.

and the spray drop size distribution was observed to be narrow for all rotational
speeds. In the similar manner, the experiment was conducted at an applied liquid
pressure of 2 bar and varying the rotational speed from 500 to 4000 rpm (Fig.
4.31), where the corresponding approximated average drop sizes were 630 to 275
µm, and the spray drop size distribution was also observed to be narrow for
all investigated rotational speeds. However, some satellite drops were formed at
higher rotational speed which can slightly influence the drop size distribution or
Span. Another set of experiment was carried out at the applied liquid pressure
of 3 and 4 bar, while varying the rotational speed again from 500 to 4000 rpm
as shown in Figs. 4.32 and 4.33, respectively. It can be seen that, in both cases
membrane-type filament breakup was formed rather than the Plateau-Rayleigh
instability. Here, more satellite drops were generated which consequently led to
a bit wider drop size distribution compared to the lower applied liquid pressures.
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Figure 4.29: Progress of filament stretching and drop formation mechanism are
shown using RAz at a process condition of 3.0 bar liquid pressure
(corresponding flow rate ≈ 30 ml/min (5.0 × 10−7 m3 /s)) of emulsion
having X50,3 = 11 µm, and 500 rpm rotational speed with 0.3 mm
RAz nozzle.

4.2.2 Secondary droplet dispersion using pc-RAz
Due to flow of emulsion through nozzle with different pressure condition, the cumulative drop size distribution are shown as a function drop size (Fig. 4.34a). Fig.
4.34 (b) presents the cumulative drop size distribution of pre-emulsion, passing
through the nozzle at liquid pressure of 3.0 bar without rotational speed, and the
cumulative drop size distribution of emulsion with different rotational speed condition. The effect of RAz rotational speed on the cumulative drop size distribution
of emulsion was exhibited for two different applied pressures of 3.0 bar (Fig. 4.34b)
and 4.0 bar (Fig. 4.34c). It is clearly seen that the rotational speed has almost no
influence on emulsion drops, however, emulsion drops were changed significantly
as a result of liquid pressure/throughput through the nozzle (diameter of 0.3 mm).
In addition, higher rotational speed produced smaller spray drops.
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Figure 4.30: The impact of rotational speed of RAz (nozzle 0.3 mm) on the spray
drop size at applied pressure of 1.0 bar.
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Figure 4.32: The effect of rotational speed of RAz (nozzle 0.3 mm) on the spray
drop size at applied pressure of 3.0 bar.
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Figure 4.33: The impact of rotational speed of RAz (nozzle 0.3 mm) on the spray
drop size at applied pressure of 4.0 bar.
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Figure 4.34: Effect of pressure applied in the RAz nozzle flow (a), the stretching due to rotational speed at applied pressure of 3.0 bar (b), and
the stretching at applied pressure of 4.0 bar (c) on the volumetric
secondary drop size distribution are shown.
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4.2.3 Concluding remarks
High speed videography was used for the visualization of the filament stretching
and drop formation with different applied liquid pressures (1.0 to 4.0 bar) and rotational speeds (500 to 4000 rpm) using two different nozzle diameters of 1.0 mm
and 0.3 mm. High rotational speed, low liquid applied pressure and small nozzle
diameter were suitable for obtaining smaller drop size. However, the higher rotational speed created membrane-type breakup rather than Rayleigh-type breakup,
therefore, satellite drops were formed and the drop size distribution was found to
be broader.
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4.3 Model nutrient encapsulation and release
kinetics (structure-property relation)
Previously we have investigated the prilling process for the production of powder
out of simple and double emulsions (Dubey et al., 2011b, 2010). Now, we want to
encapsulate a nutrient in dispersed phase of emulsion to produce powder out of
that emulsion using prilling process. In addition, it would be interesting to know
about the release kinetics of the encapsulated nutrient from the emulsion prills.
The release properties of an encapsulated nutrient from prills in an appropriate
environment can be modified by altering the microstructure. Optimized process
conditions can be chosen to achieve the desired microstructure. In the present
study, we have used iron as a model nutrient that is encapsulated in the watery
phase of a water-in-oil emulsion. Encapsulation of iron is necessary to supply
bioavailable iron to large number of population possessing iron deficiency (Theil,
2004). In addition, it decreases Fe-catalyzed oxidation of fatty acids, amino acids,
and other micronutrients that can cause adverse sensory effects, and reduces the
nutritional value of foods (Zimmermann and Windhab, 2010). Hence, it would be
worth to develop a process to encapsulate iron, and to study the release kinetics of
iron in a gastric condition. Iron is mainly absorbed in duodenum within the area of
gastrointestinal tract. Therefore, iron has to be fully released in stomach followed
by duodenum for maximum utilization of iron (Zimmermann and Windhab, 2010).
The aims of the present study are formation of iron encapsulated emulsion-particle,
and the release kinetics of iron in a gastric condition (pH ≈ 2.0). However, the
works and challenges have to be done in the following ways, which are (i) the
encapsulation of iron-solution as a dispersed phase of a fat-based emulsion at
60 ◦ C, (ii) the production of prills out of the emulsion, and characterization of
the particles, (iii) the investigation of the microstructure of the prills to observe
the homogeneity of dispersed phase, as well as the shape and size of the dispersed
droplet, and most importantly (iv) the release kinetics of iron in a gastric condition
(acidic solution of pH ≈ 2.0). The release of iron from the prills is well exhibited
by second order kinetics. The experimental results show that the release kinetics
rate constant is a function of particle size, and viscosity ratio of dispersed to
continuous phase, which is an indication of droplet size of dispersed phase.

4.3.1 Theory of release properties
A simple model was used to explain the experimental data. It was tried to explain
the release kinetics with different model systems, where we found that second
order release kinetic exhibits well fitting with the experimental data. The n-th
order kinetics might help for better fitting, the complexity will increase, and the
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exponent might be a function of particle as well. The second order model is
fitting well for almost long range of time with experimental data. The second
order kinetics can be expressed by the following differential Eq. 4.13. Initial
concentration of iron in-vitro gastric aqueous solution has a value of C0 ≈ 0
ppm. During stirring of particles into the gastric solution, the concentration,
C(t), increases with time, and finally could be reached an equilibrium value, C∞
(the maximum possible concentration, when all the iron will release).

dq(t)
= k(q∞ − q)2
dt

(4.13)

where q(t) = C(t)/C∞ (t = ∞), q∞ =C∞ /C∞ ≈ 1, and k is the release kinetic
constant, which is a specific release property of the particle. The true driving
force is the concentration difference of iron between particles and bulk. But iron
is remained as dispersed into the particle matrix with different distance from the
surface, and they are not release at a time. Water is swelling into a particle and
then release of iron from cores is happen stepwise. Therefore, the concentration
of iron in particles is not possible by back calculation due to the complex phenomenon. Because, some of the droplet remain unreleased and some are partially
or fully released. On the other hand, iron release from the particle is responsible for the concentration increasing of bulk (according to mass conservation law).
Therefore, we use the driving force at time, t, is C∞ − C(t), which is indirect
driving force of the phenomenon and convenient to use. The release rate constant
from this driving force would be different that if some one would use the driving
force as a concentration difference between particle and bulk. But in practical
purposes, this approach is much useful for emulsion particle having lost of cores,
which release in different time.
Equation (4.13) can be analytically solved by integrating over time from t = 0 (q =
0) to t (q = q(t)). The final equation can be rearranged and expressed as follows
(Eq. 4.14):
2
q∞
kt
(4.14)
q=
1 + q∞ kt
2
2
when t tends to zero, (1 + q∞ kt) ≈ 1 and q = q∞
kt, where q∞
k is the initial release
rate. On the other hand, the above Eq. 4.14 can be represented as follows, which
is similar to the Langmuir type Eq. 4.15.

q = q∞

q∞ kt
1 + q∞ kt

(4.15)
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where q∞ k is an equilibrium constant. The above equation can be rearranged and
obtained a linear relationship of t/q as a function of t.
1
t
t
= 2 +
q
q∞ k q∞

(4.16)

Since q∞ ≈ 1, the above Eq. 4.16 can be simplified as the following Eq. 4.17,
1
1
=
+1
q
kt

(4.17)

where k is a release rate constant as well as very close value to the equilibrium
constant of iron release. Final equation for the release rate can be expressed by
the Eq. 4.18.
kt
(4.18)
q=
1 + kt

4.3.2 Model equation and iron release kinetics
It is assumed that q(t) will be q∞ ≈ 1 at long time of mixing. So, Eqs. 4.15 and
4.16 can be simplified to Eqs. 4.18 and 4.17. From Eq. 4.17, 1/q is represented
as a function of 1/t (Fig. 4.35) for prills of emulsion A (see Table 4.1).
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Figure 4.35: To obtain release kinetic rate constants, k, for all samples of A (Table
4.2), 1/q has been plotted as a function of 1/t. A linear relationship
is found as given by Eq. 4.17.
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Table 4.1: Mean emulsion particle sizes (prillis of W/O) using different prilling
conditions.
Name of
emulsion

GLR

A

0.282
0.376
0.724
0.939
1.377
0.282
0.376
0.724
0.939
1.377
0.282
0.376
0.724
0.939
1.377

E

F

Powder
samples
A1
A2
A3
A4
A5
E1
E2
E3
E4
E5
F1
F2
F3
F4
F5

Particle
mean size,
d50,3 , µm
374 ± 21
130 ± 12
85 ± 2.0
55 ± 2.0
44 ± 1.0
517 ± 12
276 ± 6.0
101 ± 2.0
59 ± 1.0
43 ± 1.0
630 ± 3.0
386 ± 10
106 ± 3.0
59 ± 0.5
47± 1.0

The results show a linear relationship, where the intersect is restricted to 1, and the
slope value gives 1/k. The intersect equal to 1 is maintained to avoid errors comes
from the larger influencing part that is higher value of 1/t (means shorter time
region, which posses higher experimental error). It is seen that the experimental
results are in good agreement with the model Eq. 4.17. Small deviation is found
for higher 1/t values (means shorter observation time) due to the experimental
error at the beginning due to inhomogeneous dispersion of the particles. From
Fig. 4.35 (bottom), the release kinetic rate constant for sample A5 is found to be
0.47 h−1 . and the release kinetics of other samples of prills (as listed in Table 4.1)
are calculated and the values are given in Table 4.2.
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Table 4.2: The release kinetics rate constants for different emulsion particles.
Samples
A1
A2
A3
A4
A5
E1
F1
F2
F5

k, h−1 (after 1 week)
0.0259
0.0629
0.2645
0.5260
0.4722
2.9061
0.0667
0.2660
2.7210

k, h−1 (after 4 weeks)
0.0539
0.5178
-

4.3.3 Influence of GLR on particle size
The prilling process is used for producing particles from three different emulsion
samples (Table 4.1). Two different types of commercial twin-fluid nozzle geometries (Internal & external mixing) are used for the experimental investigations (Fig.
3.9. The emulsions are treated by an INMIX nozzle with different GLR (gas-liquid
mass ratio) of 0.282 (1), 0.376 (2), 0.724 (3), 0.939 (4), and 1.377 (5) at constant
liquid flow (138 ml/min). The corresponding applied absolute air-pressures are
1.221 (1), 1.45 (2), 1.86 (3), 2.38 (4), and 3.7 (5) bar. The average temperature
inside the tower is maintained at about -10 ◦ C. Particles are collected from the
bottom of the tower and stored at room temperature in a closed container. The
particle sizes of three different types of emulsions are reported in the Table 4.1.
Prilling experiments are carried out for two times using one emulsion (A) to check
the reproducibility of the size distribution of prills powder at different GLR conditions, and the results are found reasonably reproducible. The mean diameters
d50,3 of the particles are plotted as a function of GLR in Fig. 4.36 (top). The
figure also illustrates the corresponding Span ((d90,3 -d10,3 )/d50,3 ). The results show
that the mean particle sizes are decreasing with increasing GLR for all emulsions.
It is also seen that the mean particle size is higher at lower GLR for the emulsion
with higher viscosity (due to higher viscous dispersed phase). The particle size
distributions of two emulsions (A and F) are given in Fig. 4.36 (bottom), which
show that the particle size of emulsion F is bigger than that of emulsion A. At
lower GLR, the size distribution of F is significantly higher compared to A, and
both shows bimodal distribution due to unequal stress distribution by spraying
at lower GLR condition. Whereas the higher GLR condition gives similar size
distribution and mean particle size for both emulsions. Because, at higher GLR,
the impact of the aerodynamic force is much higher compared to the viscous force.
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Therefore, the viscosity of the sample does not have much influence on the particle
size.

4.3.4 Influence of particle size on iron release kinetics
In Figs. 4.37 and 4.39, it is seen that the release properties of iron are varied
depending on the particle size. In Fig. 4.37 (top), the iron release kinetics of
emulsion particle A is plotted as a function of time (up to 10 h). The experimental
data (symbols) can be well described by the second order kinetic model equation
(dashed lines). It is found that the smaller particles exhibit faster release kinetics
compared to that of the bigger particles, because the smaller particles have a higher
surface to volume ratio than the bigger particles. Fig. 4.37 (bottom) shows that
the prediction by the model equation is well fitted with the experimental data in
the shorter time range (up to10 h), whereas a little discrepancy is seen for the
longer time range (up to 30 h). The similar trend is also found for the emulsion F
as shown in Fig. 4.39. The volume distribution of prill, A5, as a function of particle
size both after production of prills and release experiment of 30 h stirring at 200
rpm (in solution at pH = 2.0) is shown in Fig. 4.38. It is observed that the volume
distribution of the prills did not alter during release experiment. Therefore, the
iron release is mainly diffusion driven rather than rupturing of particles.

4.3.5 PEG in dispersed phase and its influence on release
kinetics
Three different types of emulsions are used where only variation is maintained for
the thickener composition (16.4, 22.7, 28.2 % (w/w) PEG) in dispersed phase.
In Fig. 4.36 (bottom), one can see that the particles (A5 and F5) produced at
highest GLR are showing nearly same size distribution. Therefore, iron release
experiments using those particles are carried out while varying PEG concentration
in dispersed phase. The results depict that the less PEG containing particles show
slower release kinetics compared to that of the higher PEG containing particles
(Fig. 4.40). Once more, the model is well fitted with the experimental data
even at the longer time range (Fig. 4.40). However, the particles containing 22.7
% (w/w) and 28.2 % (w/w) PEG do not show significant difference on release
kinetics. The viscosity ratio of dispersed to continuous phase is much higher
which correspondingly leads to bigger droplets compared to the particles with less
PEG. In addition, the dispersed drop size might be different due to the different
critical capillary number at a given dispersing energy input. The viscosity data of
dispersed and continuous phase are represented in Fig. 4.41. The viscosity ratios
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respectively) as a function of GLR, and (Bottom) Corresponding size
distribution of the particles of emulsion A and F.
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Figure 4.38: Effect of 30h stirring on the particle size distribution. Prill, A5, did
not change with 30h stirring at 200 rpm.
of dispersed to continuous phase are 1.7, 5, and 10 for three different emulsions
containing 16.4, 22.7, 28.2 % (w/w) of PEG in the dispersed phase respectively. In
Fig. 4.42, it can be seen that the smaller droplets are only found in very close value
of the viscosity ratio of dispersed to continuous phase equal to one for simple shear
breakup. Therefore, the droplets of dispersed phase with 16.4 % (w/w) PEG are
much smaller compared to the other two emulsions (with more PEG). In contrast,
the PEG concentrations of 22.7 and 28.2 % (w/w) in dispersed phase lead to very
large emulsion droplets and show very fast release kinetics which is not easy to
differentiate.
In Fig. 4.43, one circle has been divided into three circles having equal volume
(V1 = V2 = V3 ), where the radii are in a relation as r3 = 1.2599 r2 = 1.442 r1 .
When water leaching from outer surface to inner, one big drop leached out at
one time (Fig. 4.43, left), whereas, the smaller droplets with equal volume are
distributed in space and release slowly due to different distance from the surface
(Fig. 4.43, right). Therefore, one big droplet in a given volume will have faster
release (Owusu et al., 1992) compared to a smaller drop as distributed in equal
volume. The bigger droplet size of emulsion F has been confirmed by cryo-SEM,
and compared to the droplet size of dispersed phase of emulsion A (as shown in
Fig. 4.44). The emulsion drop sizes of sample F1 are about more than three times
bigger than that of A1. In both cases, droplets are evenly distributed in the fat
matrix.
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Figure 4.43: Schematic representation of three different area layers of a spherical
particle (prills) with equal volume (V1 = V2 = V3 ). Where the volumes
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r2 )3 . The bigger droplet (LHS) of emulsion has less barrier compared
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A1

1 µm

F1

2 µm

Figure 4.44: (Left) Internal cross-sectional image of sample A1 by cryo-SEM,
where the dark circles are the watery phase in the fat matrix. (Right)
Internal cross-sectional image of sample F1 by cryo-SEM.
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4.3.6 Impact of mixing phenomena and shelf-life of particle on
release kinetics
The mixing properties are usually characterized by Reynolds number that can be
defined by Eq. 4.19 as follows:
Re =

ρN d2
η

(4.19)

where density, ρ ≈ 1000 kg/m3 ; diameter of impeller, d = 0.06 m; stirring rates,
N= 50, 100, 200 rpm; and viscosity of suspension, η = 1 mPa s.
Fig. 4.45 shows that the mixing does not have much impact on the release kinetics
in the observation range of stirring. The reason could be that the investigated
stirring rate is already large enough (corresponding Re ≈ 2×103 to 8.3×103 ) to
mix the solution homogeneously in very short time. Therefore, The resistance
due to the external mixing phenomenon is negligible. On the other hand, the
iron diffusion inside the particle is the slower and determining step in the present
investigation. In Fig. 4.45, the fraction of iron release (sample A1 and A5) is
plotted as a function of time (up to 30 h), where the release properties of smaller
particles are not significantly changed depending upon shelf-life from 1 to 4 weeks.
Whereas, the release kinetics of bigger particles are significantly changed during
four weeks of storage time compared to one week storage.
In Fig. 4.46, the shapes of the particles A2 and A5 are shown. The shapes
of the both particles are found to be spherical, and the polydispersity of larger
particles is relatively higher than that of the smaller particles. Therefore, the
release kinetics of bigger particles is showing relatively inconsistent results for
different stirring rate. In addition, larger deformation of bigger particles due to
fast freezing during prilling causes larger fracture compared to smaller particles.
In Fig. 4.47, the porosity of larger particle is found to be bigger than that of
smaller particles. Therefore, emulsion drops can diffuse easily to the interface
during storage for larger particles. Hence, the release kinetics of larger particles
are significantly influenced by the shelf life. As a consequence, smaller particles
have smoother surface than the bigger particles which leads to a longer shelf life.

4.3.7 Correlation of release kinetics as a function of particle
size, viscosity ratio, and shelf-life
An empirical formula is proposed for describing the release kinetics rate constant
of iron as a function of particle size (d50,3 ), viscosity ratio (ηd /ηc ), and shelf-life
(ts ) as given in Eq. 4.20. This equation helps to obtain any profile of the release
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Fraction of iron release, q=C/C∞
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Figure 4.45: Influence of mixing properties (i.e. stirring rate) and shelf-life on
iron release kinetics of sample A1 and A5 (up to 30 h). Symbols and
dotted lines are experimental results and model fitting (Eq. 4.18),
respectively.
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A2

X50,3 = 130 µm

100 µm

A5

X50,3 = 44 µm

20 µm

Figure 4.46: Cryo-SEM images of emulsion (A) particle (Top) A2 and (Bottom)
A5, where spherical shape and polydispersed particles are observed.
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A2

X50,3 = 130 µm

4 µm

A5

X50,3 = 44 µm

4 µm

Figure 4.47: Surface images of prills A2 and A5 using cryo-SEM, where the porosity of bigger particle (A2) is larger compared to smaller particle (A5).
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of iron as a function of time under gastric condition. However, the correlation is
only valid for the range of experimental observation, but can be implemented for
any system by optimizing the parameters.
1
(ηd /ηc )b2 tbs3
kcalculated (h−1 ) = adb50,3

(4.20)

1
where d50,3 is mean particle size (µm; d50,3
∝ specific surface area), ηd is the
viscosity of dispersed phase (Pa s), ηc is the viscosity of continuous phase (Pa s),
and ts is the shelf life (h). The fitting parameters are found (a = 21.69 h−1 , b1 =
-1.313, b2 = 1.0285, b3 = 0.11) by optimizing the parameter of all experiments for
minimum error of about ± 6%.
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Figure 4.48: The release rate constant is calculated using Eq. 4.20, and corresponding release of iron (dotted-line) as a function of time is plotted
with experimental data (symbols) as well the second order fitting
(line-dot).
The release kinetic rate constant of iron (kcalculated ) of sample A5 has been calculated by Eq. 4.20. The calculated release of iron as a function of time is plotted
in Fig. 4.48, which shows a good agreement with the experimental data and 2nd
order fitting. All other kcalculated are plotted in Fig. 4.49 as a function of k found
from the second order equation fitting. In Fig. 4.49, a linear relation is found
between the release kinetic rate constant (k) from second order fitting and the
release kinetics constant of iron (kcalculated ) from parameter optimization for Eq.
4.20, where the slope is found to be very close to one (about 6 % error compared
to second order fitting).
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Figure 4.49: Calculated release kinetic rate constant, kcalculated , using Eq. 4.20 is
plotted as a function of corresponding release rate constant found by
the second order fitting using Eq. 4.18.

4.3.8 Concluding remarks
Prilling is a suitable processing technology for the production of fat based emulsion
particles for nutrient encapsulation purposes. The release of iron from the emulsion
matrix of fat can be well controlled by adapting the particle size and droplet-size
of the dispersed phase. The release kinetics of iron follows a second order kinetics.
A simplified model has been implemented for fitting the experimental data, and
the release kinetics rate constant has been estimated. The iron release kinetics
of a smaller particle is faster compared to a bigger particle due to larger specific
surface to volume ratio. The iron release kinetics of a particle having bigger
droplet of emulsion is found to be higher compared to that of a smaller droplet.
In addition, the shelf-life is also alter the release kinetics of the larger particles. A
correlation has been developed for desired release properties as a function of the
particle size, droplet-size of dispersed phase and shelf-life. Therefore, a controlled
release of iron (encapsulated in fat-based emulsion prills) can be generated by
choosing respective particle size of prills and drop size of emulsion, or viscosity
ratio of dispersed to continuous phase.
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5 Conclusion
The characterization of complex multiphase structured liquid spraying processes
is a great effort in terms of controlling microstructure, which has been done in a
systematic way in the present studies. The findings are summarized as following
points:
(i) Internal geometry of the liquid-cap of a nozzle has a big influence on the microstructure of emulsions. A critical value of W el,Drop /λ = 10 has been defined for
the nozzle tip (maximum shear stress). Up to this critical value of W el,Drop /λ (and
corresponding process condition), the emulsion drops were unchanged and the dispersion was found to start above this critical values. A semi-empirical equation
has been introduced which described the whole range of emulsion drop evolution
as a function of W el,Drop /λ. By knowing the physical properties of an emulsion
and the operational conditions inside the nozzle, the degree of secondary droplet
size reduction can be estimated for all kind of emulsions with viscous-phases and
-interfaces.
(ii) Interaction of gas-liquid, gas-liquid ratio (GLR), and total mass ratio on the
microstructure of SE and DE has been discussed. The effect of viscosity ratio
(λ) on the dispersion of emulsions during spraying has been extensively discussed,
for which a new dimensionless number, W eg,Drop /λ, was defined. The viability or
sustainability of the secondary droplets in emulsions was limited upto a critical
value of W eg,N ozzle /λ, which gave relatively bigger spray droplet (tertiary drop).
Therefore, further studies are necessary for improving material properties (e.g.
viscoelasticity of dispersed or continuous phase, and viscoelasticity of interface)
to define the mechanical treatment conditions during spraying for getting smaller
spray drops.
(iii) Spray droplet or tertiary droplet formation as a function of the gas Weber
number, W eg,N ozzle , has been discussed for INMIX and EXMIX nozzles, where
polydispersed spray droplets were produced. Correspondingly, the dispersion effect of the secondary droplet and the release of the tracer nutrient (iron) from
most internal phase to continuous phase of DE due to nozzle-tip flow and spray
processing has been quantitatively studied and interrelated.
(iv) High speed videography and shadowgraphy techniques were employed to visualize the filament stretching and drop formation by air-assisted nozzles using
INMIX and EXMIX geometries. The results showed that the Rayleigh-type to
membrane type filament breakup/atomization regime was suitable for keeping the
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microstructure best unchanged. Accordingly, a pressure controlled rotary atomizer has been introduced, where the Rayleigh-type to membrane-type filament
breakup regime was the principal breakup mode.
(v) High rotational speed, low liquid pressure and small nozzle diameter were suitable for obtaining smaller drop size, and narrow drop size distribution. However,
the higher rotational speed created membrane-type breakup rather than Rayleightype breakup, therefore, satellite drops were formed and the drop size distribution
was found to be broader again. The sustainability of the secondary droplet using
RA was found to be reasonably advantageous compared to air-assisted atomization.
(vi) Prilling is a suitable processing technology for the production of fat based
emulsion particles for nutrient encapsulation purposes. The release of model nutrient ‘iron’ from the emulsion matrix of fat can be well controlled by adapting the
particle size and droplet-size of the dispersed phase (structure-property relationship). The iron release kinetics of smaller particles was faster compared to bigger
particles due to the larger specific surface to volume ratio. The iron release kinetics of a particle with bigger dispersed droplets was found to be higher compared to
that of a smaller droplet. Therefore, a controlled release of iron (encapsulated in
fat-based emulsion prills) can be achieved by choosing the respective particle size
of prills and secondary drop size of the emulsion, and/or adjusting the viscosity
ratio of dispersed to continuous phase.
Therefore, the present design criteria of air-assisted spray processing of the multiphase emulsions provides the regulatory norms of the process-structure-properties
relationship.

120

Bibliography
Abramovic, H. and Klofutar, C. The temperature dependence of dynamic viscosity
for some vegetable oils. Acta Chimica Slovenica, 45(1):69–77, 1998.
Aghbashlo, M., Mobli, H., Madadlou, A., and Rafiee, S. The correlation of wall
material composition with flow characteristics and encapsulation behavior of
fish oil emulsion. Food Research International, 49:379–388, 2012.
Altimira, M., Rivas, A., Ramos, J. C., and Anton, R. Disintegration regime of industrial fan-spray atomizers through cfd simulations. 24th European Conference
on Liquid Atomization and Spray Systems, 2011.
Aserin, A. E. Multiple Emulsions: Technology and Applications. John Wiley &
Sons, Inc., Hoboken, NJ, USA, 2008.
Ashgriz, N. Handbook of Atomization and Sprays: Theory and Applications.
Springer Science+Business Media, New York, USA, 2011.
Ballester, J. M., Fueyo, N., and Dopazo, C. Combustion characteristics of heavy
oil-water emulsions. Fuel, 75(6):695Ð705, 1996.
Bastida-Rodriguez, J. Review Article - The Food Additive Polyglycerol Polyricinoleate (E-476): Structure, Applications, and Production Methods. ISRN
Chemical Engineering, 124767:doi:10.1155/2013/124767, 2013.
Bhimani, S., Alvarado, J. L., Annamalai, K., and Marsh, C. Emission characteristics of methanol-in-canola oil emulsions in a combustion chamber. Journal of
Mechanical Science and Technology, 113:97–106, 2013.
Bolszo, C. D., Narvaez, A. A., McDonell, V. G., Dunn, D. R., and Sirignano,
W. A. Pressure-swirl atomization of water-in-oil emulsions. Atomization and
Sprays, 20(12):1077–1099, 2010.
Broniarz-Press, L., Ochowiak, M., Rozanski, J., and Woziwodzki, S. The atomization of water-oil emulsion. Experimental Thermal and Fluid Science, 33:
955–962, 2009.

121

Bibliography
Carneiro, H. C., Tonon, R. V., Grosso, C. R., and Hubinger, M. D. Encapsulation
efficiency and oxidative stability of flaxseed oil microencapsulated by spray drying using different combinations of wall materials. Journal of Food Engineering,
115:443–451, 2013.
Cheng, P., Li, D., Boruvka, L., Rotenberg, Y., and Neumann, A. W. Automation
of axisymmetric drop shape analysis for measurements of interfacial tensions
and contact angles. Colloids and Surfaces, 43(2):151–167, 1990.
Chigier, N. and Reitz, R. Regimes of jet breakup and breakup mechanism. American Institute of Aeronautics and Astronautics, 1996.
Choi, S. M. and Jang, S. H. Spray Behavior of the Rotary Atomizer with In-Line
Injection Orifices. Atomization and Sprays, 20(10):863–875, 2010.
Christensen, K. L., Pedersen, G. P., and Kristensen, H. G. Preparation of redispersible dry emulsions by spray drying. International Journal of Pharmaceutics,
212:187–194, 2001.
Davies, J. T. A Quantitative Kinetic Theory of Emulsion Type. i. Physical Chemistry of the Emulsifying Agent. Proceedings of 2nd International Congress Surface Activity, London, pages 426–438, 1957.
Desai, K. G. and Park, H. J. Recent developments in microencapsulation of food
ingredients. Drying Technology, 23:1361–1394, 2005.
Dollo, G., Corre, P. L., Guerin, A., Chevanne, F., Burgot, J. L., and Leverge, R.
Spray-dried redispersible oil-in-water emulsion to improve oral bioavailability of
poorly soluble drugs. European Journal of Pharmaceutical Sciences, 19:273–280,
2003.
Dombrowski, N., Hasson, D., and Ward, D. E. Some aspects of liquid flow through
fan spray nozzles. Chemical Engineering Science, 12:35–50, 1960.
Drusch, S. Sugar beet pectin: A novel emulsifying wall component for microencapsulation of lipophilic food ingredients by spray-drying. Food Hydrocolloids,
21:1223–1228, 2007.
Dubey, B. N., Duxenneuner, M. R., Kuechenmeister, C., Fischer, P., and Windhab, E. J. Influences of rheological behavior of emulsions on the spraying process. Proceedings of 24th Annual Conference on Liquid Atomization and Spray
Systems, 2011b.
Dubey, B. N., Duxenneuner, M. R., and Windhab, E. J. Prilling process: an
alternative for the atomization ad producing solid particles of emulsions. Proceedings of 23rd Annual Conference on Liquid Atomization and Spray Systems,
2010.

122

Bibliography
Dubey, B. N., Duxenneuner, M. R., and Windhab, E. J. Synthesis of functional
food powder of simple and multiple emulsions through prilling process. Proceedings of 11th International Congress on Engineering and Food, 2011a.
Dubey, B. N. and Windhab, E. J. Iron encapsulated microstructured emulsion
particle formation by prilling process and its release kinetics. Journal of Food
Engineering, 115(2):198–206, 2013.
Dumouchel, C. On the experimental investigation on primary atomization of
liquid streams. Experiments in Fluids, 45:371–422, 2008.
Dunand, A., Carreau, J. L., and Roger, F. Liquid jet breakup and atomization
by annular swirling gas jet. Atomization and Sprays, 15:223–247, 2005.
Eggers, J. and Villermaux, E. Physics of liquid jets. Reports on Progress in
Physics, 71:036601, 2008.
Eisner, V. Emulsions Processing with a Rotating Membrane ROME. PhD Thesis
(Diss. ETH No. 17153), ETH Zurich, 2007.
Elofsson, U. and Millqvist-Fureby, A. Stability of spray-dried protein-stabilized
emulsions- effects of different carbohydrate additives. Special PublicationÑRoyal
Society of Chemistry, 284:265–274, 2003.
Faeth, G. M., Hsiang, L. P., and Wu, P. K. Structure and breakup properties of
sprays. International Journal of Multiphase Flow, 21:99–127, 1995.
Fäldt, P. and Bergenstähl, B. Spray-dried whey proteinnactose/soybean oil emulsions. 1. surface composition and particle structure. Food Hydrocolloids, 10(4):
421–429, 1996a.
Fäldt, P. and Bergenstähl, B. Spray-dried whey proteinnactose/soybean oil emulsions. 2. redispersability, wettability and particle structure. Food Hydrocolloids,
10(4):431–439, 1996b.
Farago, Z. and Chigier, N. Morphological classification of disintegration of round
liquid jets in a coaxial air stream. Atomization and Sprays, 2:137–153, 1992.
Ficheux, M. F., Bonakdar, L., Leal-Calderon, F., and Bibette, J. Some stability
criteria for double emulsions. Langmuir, 14:2702–2706, 1998.
Florence, A. T. and Whitehill, D. Some features of breakdown in water-in-oilin-water multiple emulsions. Journal of Colloid and Interface Science, 79(1):
243–256, 1981.
Frasch-Melnik, S., Spyropoulos, F., and Norton, I. T. W1/o/w2 double emulsions
stabilised by fat crystals - formulation, stability and salt release. Journal of
Colloid and Interface Science, 350:178–185, 2010.

123

Bibliography
Fuchs, M., Turchiuli, C., Bohin, M., Cuvelier, M. E., Ordonnaud, C., PeyratMaillard, M. N., and Dumoulin, E. Encapsulation of oil in powder using spray
drying and fluidized bed agglomeration. Journal of Food Engineering, 75:27–35,
2006.
Fujita, N. and Kimura, Y. Plate-out efficiency related to oil-in-water emulsions
supply conditions on cold rolling strip. Journal of Engineering Tribology, 227
(5):413–422, 2012.
Garti, N. Progress in stabilization and transport phenomena of double emulsions
in food applications. Lebensmittel-Wissenschaft and Technologie, 30:222–235,
1997.
Gharsallaoui, A., Roudaut, G., Chambin, O., Voilley, A., and Saurel, R. Applications of spray-drying in microencapsulation of food ingredients: An overview.
Food Research International, 40:1107–1121, 2007.
Girault, H. H. J., Schiffrin, D. J., and Smith, B. D. The Measurement of Interfacial
Tension of Pendant Drops using a Video Image Profile Digitizer. Journal of
Colloid and Interface Science, 101(1):257–266, 1984.
Gouin, S. Microencapsulation: Industrial appraisal of existing technologies and
trends. Trends in Food Science and Technology, 15:330–347, 2004.
Graber, M. Transport Phenomena in Rotating Membrane Processed W/O/W
Emulsions. PhD Thesis (Diss. ETH No. 19079), ETH Zurich, 2010.
Grace, H. P. Dispersion phenomena in high viscosity immiscible fluid systems
and application of static mixers as dispersion devices in such systems. Chemical
Engineering Communications, 14(2-6):225–277, 1982.
Gradeck, M., Ouattara, A., Maillet, D., Gardin, P., and Lebouche, M. Heat
transfer associated to a hot surface quenched by a jet of oil-in-water emulsion.
Experimental Thermal and Fluid Science, 35:841–847, 2011.
Grompone, M. A. Bailey’s Industrial Oil and Fat Products. John Wiley & Sons,
Inc., Shahidi, F. (Ed.), Sixth Edition, USA, 2005.
Gunde, R., Kumar, A., Lehnert-Batar, S., Mader, R., and Windhab, E. J. measurements of the surface and interfacial tension from maximum volume of a
pendant drop. Journal of Colloid and Interface Science, 244(1):113–122, 2001.
Hallström, A. and Danner, J. B. Sprays from Nozzles and Rotary Atomizers.
Atomization and Sprays, 4:263–273, 1994.
Jafari, S. M., Assadpoor, E., Bhandari, B., and He, Y. Nano-particle encapsulation
of fish oil by spray drying. Food Research International, 41:112–183, 2008a.

124

Bibliography
Jafari, S. M., Assadpoor, E., He, Y., and Bhandari, B. Encapsulation efficiency
of food flavours and oils during spray drying. Drying Technology, 26:816–835,
2008b.
Jayasundera, M., Adhikari, B., Aldred, P., and Ghandi, A. Effects of type of atomization and processing temperatures on the physical properties and stability
of spray-dried flavors. Journal of Food Science, 69(3):1108–1114, 2002.
Jayasundera, M., Adhikari, B., Aldred, P., and Ghandi, A. Surface modification of
spray dried food and emulsion powders with surface-active proteins: A review.
Journal of Food Engineering, 93:266–277, 2009.
Johansen, P., Merkle, H. P., and Gander, B. Technological considerations related
to the up-scaling of protein microencapsulation by spray-drying. European Journal of Pharmaceutics and Biopharmaceutics, 50:413–417, 2000.
Jones, J. R., Prime, D., Leaper, M. C., Richardson, D. J., Rielly, C. D., and
Stapley, A. G. Effect of processing variables and bulk composition on the surface
composition of spray dried powders of a model food system. Journal of Food
Engineering, 118:19–30, 2013.
Jyothi, N. V., Prasanna, P. M., Sakarkar, S. N., Prabha, K. S., Ramaiah, P. S., and
Srawan, G. Y. Microencapsulation techniques, factors influencing encapsulation
efficiency. Journal of Microencapsulation, 27(3):187–197, 2010.
Kim, W., Yu, T., and Yoon, W. Atomization characteristics of emulsified fuel oil
by instant emulsification. Journal of Mechanical Science and Technology, 26:
1781–1791, 2012.
Kim, Y. D. and Morr, C. V. Microencapsulation Properties of Gum Arabic and
Several Food Proteins: Spray-Dried Orange Oil Emulsion Particles. Journal of
Agricultural and Food Chemistry, 44:1314–1320, 1996.
Klinkesorn, U., Sophanodora, P., Chinachoti, P., McClements, D. J., and Decker,
E. A. Stability of Spray-Dried Tuna Oil Emulsions Encapsulated with TwoLayered Interfacial Membranes. Journal of Agricultural and Food Chemistry,
53:8365–8371, 2005.
Lasheras, J. C. and Hopfinger, E. J. Liquid jet instability and atomization in a
coaxial gas stream. Annual Review of Fluid Mechanics, 32:275–308, 2000.
Lasheras, J. C., Villermaux, E., and Hopfinger, E. J. Break-up and atomization of
a round water jet by a high-speed annular air jet. Journal of Fluid Mechanics,
357:351–379, 1998.
Leal-Calderon, F., Schmitt, V., and Bibette, J. Emulsion Science - Basic Principles. Springer Science+Business Media, New York, USA, 2007.

125

Bibliography
Lefebvre, A. H. Atomization and sprays. Hemisphere Publishing Corporation,
New York, 1989.
Lewandowski, A., Czyzewski, M., and Zbicinski, I. Morphology and microencapsulation efficiency of foamed spray-dried sunflower oil. Chemical and Process
Engineering, 33(1):95–102, 2012.
Li, Y. B., Zhang, S. G., and Li, J. G. Experimental and theoretical approaches on
uniform droplets formation from a rationed rotating membrane system. Chemical Engineering Science, 66:788–796, 2011.
Lin, S. P. and Reitz, R. D. Drop and spray formation from a liquid jet. Annual
Review of Fluid Mechanics, 30:85–105, 1998.
Liu, J., Yu, Q., and Guo, Q. Experimental investigation of liquid disintegration
by rotary cups. Chemical Engineering Science, 73:44–50, 2012.
Liu, X., Atarashi, T., Furuta, T., Yoshii, H., Aishima, S., Ohkawara, M., and
Linko, P. Microencapsulation of emulsified hydrophobic flavors by spray drying.
DRYING TECHNOLOGY, 19(7):1361–1374, 2001.
Lutz, R., Aserin, A., Wicker, L., and Garti, N. Double emulsions stabilized by
a charged complex of modified pectin and whey protein isolate. Colloids and
Surfaces B: Biointerfaces, 72:121–127, 2009.
Madene, A., Jacquot, M., Scher, J., and Desobry, S. Flavour encapsulation and
controlled release-a review. International Journal of Food Science and Technology, 41:1–21, 2006.
Matthews, G. A. Electrostatic spraying of pesticides: a review. CROP PROTECTION, 8:3–15, 1989.
Maze, C. and Burnet, G. A Non-Linear Regression Method for Calculating Surface
Tension and Contact Angle from the Shape of a Sessile Drop. Surface Science,
13:451–470, 1969.
Mc Carthy, M. J. and Molloy, N. A. Review of stability of liquid jets and the
influence of nozzle design. Chemical Engineering Journal, 7:1–20, 1974.
McCarthy, N. A., Kelly, A. L., OÕMahony, J. A., Hickey, D. K., Chaurin, V., and
Fenelon, M. A. Effect of protein content on emulsion stability of a model infant
formula. International Dairy Journal, 25:80–86, 2012.
McClements, D. J. Emulsion-design to improve the delivery of functional lipophilic
components. Annual Review of Food Science and Technology, 1:241–269, 2010.

126

Bibliography
Mescher, A. and Walzel, P. Breakup of stretched liquid threads at low gas relative velocities - comparison of the laminar rotary atomization to the gravity
condition. 23rd Annual Conference on Liquid Atomization and Spray Systems,
2010.
Mescher, A. and Walzel, P. Designing thread forming rotary atomizers by similarity trials. 12th International Conference on Liquid Atomization and Spray
Systems, 2012a.
Mescher, A. and Walzel, P. Gravity affected break-up of laminar threads at low
gas-relative-velocities. Chemical Engineering Science, 69(1):181–192, 2012b.
Minemoto, Y., Hakamata, K., Adachi, S., and Matsuno, R. Oxidation of linoleic
acid encapsulated with gum arabic or maltodextrin by spray-drying. Journal of
Microencapsulation, 19(2):181–189, 2002.
Müller-Fischer, N. F., Bleuler, H., and Windhab, E. J. Dynamically enhanced
membrane foaming. Chemical Engineering Science, 62:4409–4419, 2007.
Ochowiak, M. The effervescent atomization of oil-in-water emulsions. Chemical
Engineering and Processing: Process Intensification, 52:92–101, 2012.
Owusu, R. K., Zhu, Q., and Dickinson, E. Controlled release of L-tryptophan and
Vitamin B2 from model water/oil/water multiple emulsions. Food Hydrocolloids,
6(5):443–453, 1992.
Parau, E. I., Decent, S. P., Simmons, M. J., Wong, D. C., and King, A. C.
Nonlinear viscous liquid jets from a rotating orifice. Journal of Engineering
Mathematics, 57:159–179, 2007.
Peltonen, L., Hirvonen, J., and Yliruusi, J. The behavior of sorbitan surfactants
at the water-oil interface: Straight-chained hydrocarbons from pentane to dodecane as an oil phase. Journal of Colloid and Interface Science, 240:272–276,
2001.
Rayleigh, L. On the instability of jets. Proceedings of the London Mathematical
Society, 10:4–13, 1878.
Re, M. I. Microencapsulation by spray drying. Drying Technology, 16(6):1195–
1236, 1998.
Reineccius, G. A. FLAVOR ENCAPSULATION. Food Reviews International, 5
(2):147–176, 1989.
Rodriguez-Huezo, M. E., Pedroza-Islas, R., Prado-Barragan, L. A., Berstain, C. I.,
and Vernon-Carter, E. J. Microencapsulation by Spray Drying of Multiple
Emulsions Containing Carotenoids. JOURNAL OF FOOD SCIENCE, 69(7):
E351–E359, 2004.

127

Bibliography
Rosenberg, M., Kopelman, I. J., and Talmon, Y. Factors Affecting Retention in
Spray-Drying Microencapsulation of Volatile Materials. Journal of Agricultural
and Food Chemistry, 38:1288–1294, 1990.
Rosenberg, M., Kopelman, I. J., and Talmon, Y. Optimization of gum acacia/
modified starch/maltodextrin blends for the spray drying of flavors. Perfumer
and Flavorist, 25:45–54, 2000.
Rotenberg, Y., Boruvka, L., and Neumann, A. W. Determination of SurfaceTension and Contact-Angle from the Shapes of Axisymmetric Fluid Interfaces.
Journal of Colloid and Interface Science, 93(1):169–183, 1983.
Schmelz, F. and Walzel, P. Breakup of liquid droplets in accelerated gas flows.
Atomization and Sprays, 13:357–372, 2003.
Schröder, T. and Walzel, P. Design of Laminar Operating Rotary Atomizers under
Consideration of the Detachment Geometry. Chemical Engineering Technology,
21:349–354, 1998.
Schroeder, J., Kleinhans, A., Serfert, Y., Drusch, S., Schuchmann, H. P., and
Gaukel, V. Viscosity ratio: A key factor for control of oil drop size distribution in
effervescent atomization of oil-in-water emulsions. Journal of Food Engineering,
111(2):265–271, 2012.
Serfert, Y., Schröder, J., Mescher, A., Laackmann, J., Rätzke, K., Shaikh, M. Q.,
Gaukel, V., Moritz, H. U., Schuchmann, H. P., Walzel, P., Drusch, S., and
Schwarz, K. Spray drying behaviour and functionality of emulsions with blactoglobulin/pectin interfacial complexes. Food Hydrocolloids, 31:438–445,
2013a.
Serfert, Y., Schröder, J., Mescher, A., Laackmann, J., Shaikh, M. Q., Rätzke,
K., Gaukel, V., Schuchmann, H. P., Walzel, P., Moritz, H. U., Drusch, S., and
Schwarz, K. Characterization of the spray drying behaviour of emulsions containing oil droplets with a structured interface. Journal of Microencapsulation,
30(4):325–334, 2013b.
Shi, H. and Kleinstreuer, C. Simulation and Analysis of High-Speed Droplet Spray
Dynamics. Journal of Fluids Engineering, 129:621–633, 2007.
Shin, M. J., Kim, J. G., and Shin, J. S. Microencapsulation of Imidazole Curing
Agents by Spray-Drying Method Using W/O Emulsion. Journal of Applied
Polymer Science, 126:E108–E115, 2012.
Sirignano, W. A. and Mehring, C. Review of theory of distortion and disintegration
of liquid streams. Progress in Energy and Combustion Science, 26:609–655,
2000.

128

Bibliography
Soottitantawat, A., Bigeard, F., Yoshii, H., Furuta, T., Ohkawara, M., and Linko,
P. Influence of emulsion and powder size on the stability of encapsulated dlimonene by spray drying. Innovative Food Science and Emerging Technologies,
6:107–114, 2005a.
Soottitantawat, A., Takayama, K., Okamura, K., Muranaka, D., Yoshii, H., Furuta, T., Ohkawara, M., and Linko, P. Microencapsulation of l-menthol by spray
drying and its release characteristics. Innovative Food Science and Emerging
Technologies, 6:163–170, 2005b.
Soottitantawat, A., Yoshii, H., Furuta, T., Ohkawara, M., and Linko, P. Microencapsulation by Spray Drying: Influence of Emulsion Size on the Retention of
Volatile Compounds. JOURNAL OF FOOD SCIENCE, 68(7):2256–2262, 2003.
Tadros, T. F. and Vincent, B. Emulsion stability. Encyclopedia of Emulsion Technology (Volume I): Basic Theory. Paul Becher (Ed.). Chapter-3. Marcel Dekker
Inc., New York, USA, 1983.
Tan, L. H., Chan, L. W., and Heng, P. W. Effect of oil loading on microspheres
produced by spray drying. Journal of Microencapsulation, 22(3):253–259, 2005.
Taneja, A., Ye, A., Jones, J. R., Archer, R., and Singh, H. Behaviour of oil
droplets during spray drying of milk-protein-stabilised oil-in-water emulsions.
International Dairy Journal, 28:15–23, 2013.
Tang, C. and Li, X. Microencapsulation properties of soy protein isolate and
storage stability of the correspondingly spray-dried emulsions. Food Research
International, 52:419–428, 2013.
Theil, E. C. Iron, ferritin and nutrition. Annual Review of Nutrition, 24:327–343,
2004.
Tratnig, A., Brenn, G., Strixner, T., Fankhauser, P., Laubacher, N., and
Stranzinger, M. Characterization of spray formation from emulsions by pressureswirl atomizers for spray drying. Journal of Food Engineering, 95(1):126–134,
2009.
Uddin, M. S., Hawlader, M. N., and Zhu, H. J. Microencapsulation of ascorbic
acid: effect of process variables on product characteristics. Journal of Microencapsulation, 18(2):199–209, 2001.
Vega, C. and Roos, Y. H. Invited Review: Spray-Dried Dairy and Dairy-Like
Emulsions - Compositional Considerations. Journal of Dairy Science, 89:383–
401, 2006.
Walzel, P. Spraying and Atomizing of liquids; Ullmann’s Encyclopedia of Industrial
Chemistry. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany, 2010.

129

Bibliography
Windhab, E. J. New developments in crystallization processing. Journal of Thermal Analysis and Calorimetry, 57:171–180, 1999.
Windhab, E. J. Fluid Immobilization - a structure-related key mechanism for the
viscous flow behavior of concentrated suspension systems. Applied Rheology, 10
(3):134–144, 2000.
Zimmermann, M. B. and Windhab, E. J. Encapsulation of Iron and Other Micronutrients for Food Fortification. In Zuidam, N.J.; Nedovic, Viktor (Eds.),
Encapsulation Technologies for Active Food Ingredients and Food Processing.
Springer, New York, 2010.

130

List of Figures
1.1

1.2
2.1

2.2

2.3
2.4
2.5

2.6

3.1
3.2

Schematic sequence of present work involving (a) double emulsion
preparation, (b) spraying of the emulsion at different process conditions with twin-fluid atomizer (air assisted nozzle), (c) testing and
analyzing of the particle microstructure, and (d) studying functional properties (encapsulation/release). . . . . . . . . . . . . . .
Simple and double emulsion structures in a spraying droplet with
denotation of the different levels of droplets. . . . . . . . . . . . .
The spray production and spray droplet generation: (a) primary
and secondary breakup mechanism, and (b) droplet breakup mechanism classes for different W e number domains (Shi and Kleinstreuer, 2007). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cylindrical jet disintegration regimes. (Top) Stability curve, and
(bottom) visualization of the cylindrical jet disintegration regimes
(Dumouchel, 2008). . . . . . . . . . . . . . . . . . . . . . . . . . .
Modes of disintegration of a cylindrical jet dependent on liquid
Reynolds number and Weber number (Sirignano and Mehring, 2000).
Air-assisted cylindrical jet atomization regimes. (a) non-axisymmetric
Rayleigh regime, (b) membrane-type regime, (c) fiber-type regime.
Breakup regimes in the parameter space of Rel vs W e for airassisted cylindrical jet atomization reported by Lasheras and Hopfinger (2000). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Front images of the liquid sheet produced by the three studied
nozzles (Fan-spray atomizer) at injection pressures of 1 and 3 bar
(Altimira et al., 2011). . . . . . . . . . . . . . . . . . . . . . . . .
The shear stress as a function of shear rate of different dispersed
and continuous phases at 20 o C. . . . . . . . . . . . . . . . . . . .
The cumulative frequency distribution of the emulsions, SE-1a and
SE-1b, are plotted as a function of emulsion droplet size resulting
from dispersion processing at three different rotational rates in a
rotor-stator dispersing device (BAA 36, POLYTRON, KINEMATICA AG) at rpm of 2500, 4500 and 6500. . . . . . . . . . . . . . .

2
4

11

12
13
15

16

17
28

30

131

List of Figures
3.3

3.4

3.5

3.6

3.7

3.8

3.9
3.10
3.11

3.12

3.13

3.14

132

Shear viscosity of two emulsions SE-1a & SE-1b shown as a function
of shear rate at 20 o C, the emulsions having three different mean
emulsion drop size of 2, 4, and 10 µm. . . . . . . . . . . . . . . .
Shear viscosity of four emulsions presented as a function of shear
rate at 20 o C. Different composition with approximately identical
mean drop size and size distribution. . . . . . . . . . . . . . . . .
Loss and storage modulus of SE-1a (Bottom) and SE-1b (Top) plotted as a function of angular frequency at low deformation of 2 %
at 20 o C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(Top) Dimensionless filament diameter d(t)/d0 reduction plotted
as a function of elapsed time (t) for SE-1a emulsions with different
secondary drop size. (Bottom) Corresponding apparent extensional
viscosity as a function of strain rate. . . . . . . . . . . . . . . . .
(Top) Surface tension of SE (O/W) and corresponding
continuous
q
phase (J) versus time. (Bottom) ln(σ − σ∞ ) vs (t) and fitting by
equation Eq. 3.3 (information on surface tension at time equal to
zero σ0 for both samples (SE and J)). . . . . . . . . . . . . . . . .
(Top) Interfacial tension between sunflower oil (dispersed phase)
and continuous phase J of SE, and between disperse phase (W/O)
of DE and corresponding continuous
phase (J) of DE plotted over
q
time. (Bottom) ln(γ − γ∞ ) vs (t) and fitting by Eq. 3.5 (information of the interfacial tension at time equal to zero γ0 for both
samples). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Schematic diagram of twin-fluid atomizer with internal mixing (left)
and external mixing (right) of the gas and liquid phases. . . . . .
Dimension of a liquid cap of the twin-fluid atomizer for both INMIX
and EXMIX nozzles. . . . . . . . . . . . . . . . . . . . . . . . . .
Schematic representation of spraying experiments of DE (W1 /O/W2 )
with iron encapsulated in the inner most phase (W1 ) using airassisted nozzle. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(left) Schematic representation of a prilling tower for the production
of emulsion powder, (bottom) Pilot-plant scale prilling tower with
height and internal diameter of 4.0 m and 1.0 m respectively. . . .
(a) Novel pressure controlled rotary atomizer (pc-RAz) with two
nozzles, and (b) Schematic representation of the pressure controlled
rotary atomization (pc-RA) setup. . . . . . . . . . . . . . . . . . .
(a) Schematic presentation of the pressure controlled rotary atomizer (pc-RAz) with two nozzles, and (b) Design details of the pcRAz nozzle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

32

33

34

36

37

38
42
42

44

45

46

47

List of Figures
4.1

4.2

4.3
4.4

(Top) Influence of GLR on X50,3 and X90,3 of the SE (O/W) secondary droplets using INMIX (left) and EXMIX (right) twin-fluid
atomizer. (Bottom) Corresponding volumetric frequency distribution [q3 (x)] of the emulsion-droplet at different GLR conditions using INMIX (left) and EXMIX (right) atomizer. . . . . . . . . . .

52

Dispersing of secondary droplets within DE (in terms of X50,3 and
X90,3 ) with increasing GLR using INMIX (Top) and EXMIX (Bottom) twin-fluid atomizer. (Primary droplets too small to be well
visible at the magnification of the inserted micrographs) . . . . .

54

Shear viscosity as a function of shear rate of different DE samples
after treating at different GLR conditions using an INMIX nozzle.

55

(Top) Influence of emulsion flow rate flowing through a liquidcap contraction in a nozzle on the mean drop size (X50,3 ) in SE
(O/W). (Bottom) Volumetric frequency distribution, q3 (x), of primary droplet of a given emulsion (X50,3 = 16 µm) at different flow
velocity (at the exit of the liquid-cap, 0.5 mm). . . . . . . . . . .

57

4.5

X50,3 /X50,3,Initial is plotted as a function of Rel (Top) and W el
(Bottom) for different emulsion system (SE & DE with different
mean drop size) using different liquid-cap exit (from 0.5 to 2.5 mm). 59

4.6

Effect of viscosity ratio (λ) between dispersed phase to continuous
on the secondary droplet dispersion is shown. Where X50,3 /X50,3,Initial
is plotted as a function of W el,Drop for different emulsion system (SE
& DE with different mean drop size) with different viscosity ratio
from 0.32 to 30 between dispersed phase to continuous phase using
different liquid-cap exit from 0.5 to 2.5 mm. . . . . . . . . . . . .
61

4.7

(Top) X50,3 /X50,3,Initial is plotted as a function of W el,Drop /λ for
different emulsion system with different viscosity ratio (from 0.32
to 30) between dispersed phase to continuous phase using different
liquid-cap exit (from 0.5 to 2.5 mm), and (Bottom) X90,3 /X90,3,Initial
is plotted as a function of W el,Drop /λ. . . . . . . . . . . . . . . . .

63

Friction factor or Newton number (N e) in side the nozzle is shown
as a function of Reynolds number (Rel ). . . . . . . . . . . . . . .

64

(Top) Experimental variation of X50,3 /X50,3,Initial as a function of
W el,Drop /λ for different emulsion systems (symbols) and model
equation (Eq. 4.9) fitting (solid line) are shown, and (Bottom) experimental variation of X90,3 /X90,3,Initial as a function of W el,Drop /λ
for different emulsion systems (symbols) and model equation (Eq.
4.9) fitting (solid line) are presented. . . . . . . . . . . . . . . . .

65

4.8
4.9

133

List of Figures
4.10 (Top) X50,3 /X50,3,N ozzle of SE (O/W ) and DE (W1 /O/W2 ) is plotted as a function of gas Weber number W eg,Drop for two liquid
flow rate condition (0.05 l/min and 0.2 l/min) using INMIX and
EXMIX nozzle for comparing the stability of DE over SE. (Bottom)
X90,3 /X90,3,N ozzle of SE (O/W ) and DE (W1 /O/W2 ) is plotted as
a function of gas Weber number W eg,Drop for two liquid flow rate
condition (0.05 l/min and 0.2 l/min) using INMIX and EXMIX
nozzle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

68

4.11 (Top) X50,3 /X50,3,N ozzle of SE (O/W ) and DE (W1 /O/W2 ) is plotted as a function of a dimensionless number W eg,Drop /λ using same
process condition of Fig. 4.10. (Bottom) X90,3 /X90,3,N ozzle of SE
(O/W ) and DE (W1 /O/W2 ) is plotted as a function of a dimensionless number W eg,Drop /λ using same process condition of Fig.
4.10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

69

4.12 (Top) Experimental investigation of X50,3 /X50,3,N ozzle as a function
of a dimensionless number W eg,Drop /λ (symbols) and model equation (4.8) fitting (solid line) are shown. (Bottom) Experimental
study of X90,3 /X90,3,N ozzle as a function of a dimensionless number
W eg,Drop /λ (symbols) and model equation (4.8) fitting (solid line)
are shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

70

4.13 X50,3 /X50,3,N ozzle of SE (O/W ) and DE (W1 /O/W2 ) is plotted as a
function of a dimensionless number W eg,N ozzle using same process
condition of Fig. 4.10. . . . . . . . . . . . . . . . . . . . . . . . .

71

4.14 X90,3 /X90,3,N ozzle of SE (O/W ) is plotted as a function of gas Weber
number W eg,Drop for the liquid flow rate of 0.05 l/min using INMIX
and EXMIX nozzle. . . . . . . . . . . . . . . . . . . . . . . . . . .

72

4.15 Percent of iron retained in the DE (W1 /O/W2 ) during spraying is
plotted as a function of gas Weber number, W eg,N ozzle . . . . . . .

73

4.16 (Top) Mean spray drop size, d50,3 , of SE (O/W) is plotted as a
function of GLR, and corresponding Span-value of the droplets.
(Bottom) Mean spray drop size, d50,3 , of SE (O/W) is plotted as
a function of gas Weber number W eg,N ozzle (σ) and corresponding
Span-values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

75

4.17 X50,3 /X50,3,N ozzle and d50,3 /1000 of SE (O/W) is plotted as a function of gas Weber number W eg,N ozzle (σ) using INMIX and EXMIX
nozzle for comparing the stability of SE, and corresponding secondary droplet evaluation for INMIX nozzle at the corresponding
GLR range. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

76

134

List of Figures
4.18 X50,3 /X50,3,N ozzle and d50,3 /1000 of SE (O/W) is plotted as a function of gas Weber number W eg,N ozzle (σ) using INMIX and EXMIX
nozzle with diameter of 0.5 mm for comparing the stability of SE,
and corresponding secondary droplet evaluation for INMIX nozzle
at the corresponding GLR range. The images of the corresponding filament breakup using EXMIX with diameter of 0.5 mm at
different Weber numbers are illustrated (liquid flow rate 50 ml/min).
4.19 X50,3 /X50,3,N ozzle and d50,3 /1000 of SE (O/W) is plotted as a function of gas Weber number W eg,N ozzle (σ) using INMIX and EXMIX
nozzle with diameter of 0.5 mm for comparing the stability of SE,
and corresponding secondary droplet evaluation for INMIX nozzle
at the corresponding GLR range. The images of the corresponding
filament breakup using INMIX with diameter of 0.5 mm at different
Weber numbers are illustrated (liquid flow rate 50 ml/min). . . .
4.20 The shadowgraphic images of the filament stretching and breakup
using EXMIX (Top) and INMIX (Bottom) with diameter of 0.5
mm at different Weber numbers are represented. . . . . . . . . . .
4.21 (a) Spray mean drop sizes (d50,3 ) of three different SE (same composition of 40 % O/W with different drop size of 2, 4, 10 µm)
are shown as a function of gas Weber number W eg,N ozzle at 50 cm
distance from nozzle tip, (b) the corresponding spray drop size distributions for INMIX nozzle at 50 cm apart from nozzle tip. . . .
4.22 The spray drop size distributions using EXMIX nozzle of emulsion,
which mean spray drop are shown in Fig. 4.21 (a) for different gas
Weber number W eg,N ozzle . . . . . . . . . . . . . . . . . . . . . . .
4.23 Cryo-SEM pictures of a Prills of DE emulsion (40 % (40 % O1 /W)/O2 )
and its corresponding cross-section area. . . . . . . . . . . . . . .
4.24 (Top) Prills of a double emulsion (W/O/W) using the INMIX nozzle at W eg,N ozzle = 1950, and cryo-SEM pictures of the cross-section
of the corresponding prills (Bottom). . . . . . . . . . . . . . . . .
4.25 (Top) The applied pressure differences (∆P) are shown as a function of desired flow rate for rotational speed of zero to 4000 rpm.
(Bottom) Pressure contribution solely from rotational speed are
demonstrated for different rotational speed up to 4 bar total pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.26 Viscosity of the emulsions (30 % O/W with X50,3 of 11, 11.2 and
5.2 µm) that used for videography of the rotational atomization. .
4.27 Stretching and time evolution of filament using RAz with 500 rpm
(Top), 1000 rpm (Middle), 2000 rpm (Bottom) at 2.0 bar inlet liquid
pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

78

79

80

82

83
84

85

89
90

91

135

List of Figures
4.28 Progress of filament stretching and drop formation mechanism are
observed using RAz at a process condition of 1.0 bar liquid pressure
(corresponding flow rate ≈ 235 ml/min, 1.0 mm RAz diameter),
and 3000 rpm rotational speed. . . . . . . . . . . . . . . . . . . .
92
4.29 Progress of filament stretching and drop formation mechanism are
shown using RAz at a process condition of 3.0 bar liquid pressure
(corresponding flow rate ≈ 30 ml/min), and 500 rpm rotational speed. 93
4.30 The impact of rotational speed of RAz on the spray drop size at
applied pressure of 1.0 bar. . . . . . . . . . . . . . . . . . . . . . .
94
4.31 The influence of rotational speed of RAz on the spray drop size at
applied pressure of 2.0 bar. . . . . . . . . . . . . . . . . . . . . . .
95
4.32 The effect of rotational speed of RAz on the spray drop size at
applied pressure of 3.0 bar. . . . . . . . . . . . . . . . . . . . . . .
96
4.33 The impact of rotational speed of RAz on the spray drop size at
applied pressure of 4.0 bar. . . . . . . . . . . . . . . . . . . . . . .
97
4.34 Effect of pressure applied in the RAz nozzle flow (a), the stretching due to rotational speed at applied pressure of 3.0 bar (b), and
the stretching at applied pressure of 4.0 bar (c) on the volumetric
secondary drop size distribution are shown. . . . . . . . . . . . . .
98
4.35 To obtain release kinetic rate constants, k, for all samples of A
(Table 4.2), 1/q has been plotted as a function of 1/t. A linear
relationship is found as given by Eq. 4.17. . . . . . . . . . . . . . 102
4.36 (Top) Mean particle sizes of three different types of emulsions (A,
E, and F containing 16.4, 22.7, and 40 %wt PEG in dispersed phase
respectively) as a function of GLR. (Bottom) Corresponding size
distribution of the particles of emulsion A and F. . . . . . . . . . 106
4.37 (Top) Fraction of iron release for emulsion A as a function of time
(up to 10 h), where the dotted lines are model fitting (Eq. 4.18)
and symbols are the experimental data. (Bottom) Fraction of iron
release of emulsion A as a function of time (up to 30 h). . . . . . 107
4.38 Effect of 30 h stirring on the particle size distribution. . . . . . . . 108
4.39 (Top) Iron release kinetics of emulsion F as a function of time (up
to 10 h), where the dotted lines are model fitting (Eq. 4.18) and
symbols are the experimental data. (Bottom) Iron release kinetics
of emulsion F as a function of time (up to 30 h). . . . . . . . . . . 109
4.40 (Top) Influence of PEG concentration in dispersed phase on iron
release kinetics as a function of time (up to 10 h). The particle size
distribution of the samples A5, E5 and F5 is the same as shown
in Fig. ??. (Bottom) Influence of PEG concentration in dispersed
phase on iron release kinetics as a function of time (up to 30 h). . 110

136

List of Figures
4.41 Flow behavior of dispersed and continuous phase under shear at
60 ◦ C. Slope gives the value of viscosity from the linear fitting
curve of shear stress vs shear rate. . . . . . . . . . . . . . . . . . .
4.42 The critical drop capillary number as a function of viscosity ratio
of dispersed to continuous phase in a simple shear flow. The figure
is regenerated from Grace (1982). . . . . . . . . . . . . . . . . . .
4.43 Schematic representation of three different area layers of a spherical
particle (prills) with equal volume (V1 = V2 = V3 ). Where the
volumes are defined as V1 = 4/3πr13 , V2 = 4/3π(r2 − r1 )3 , and
V3 = 4/3π(r3 − r2 )3 . The bigger droplet (LHS) of emulsion has less
barrier compared to smaller droplet (RHS) of emulsion in equal
volume space of a particle. . . . . . . . . . . . . . . . . . . . . . .
4.44 (Left) Internal cross-sectional image of sample A1 by cryo-SEM,
where the dark circles are the watery phase in the fat matrix.
(Right) Internal cross-sectional image of sample F1 by cryo-SEM.
4.45 Influence of mixing properties (i.e. stirring rate) and shelf-life on
iron release kinetics of sample A1 and A5 (up to 30 h). Symbols
and dotted lines are experimental results and model fitting (Eq.
4.18) respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.46 Cryo-SEM images of emulsion (A) particle (Top) A2 and (Bottom)
A5, where spherical shape and polydispersed particles are observed.
4.47 Surface images of prills A2 and A5 using cryo-SEM, where the
porosity of bigger particle (A2) is larger compared to smaller particle (A5). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.48 The release rate constant is calculated using Eq. 4.20, and corresponding release of iron (dotted-line) as a function of time is plotted
with experimental data (symbols) as well the second order fitting
(line-dot). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.49 Calculated release kinetic rate constant, kcalculated , using Eq. 4.20 is
plotted as a function of corresponding release rate constant found
by the second order fitting using Eq. 4.18. . . . . . . . . . . . . .

111

111

112

112

114
115

116

117

118

137

138

List of Tables
3.1
3.2
3.3

3.4
3.5
3.6
4.1
4.2

Emulsions and their compositions, used in the spraying, prilling
and RA experiments and results presented in sections 4.1 and 4.2.
Composition of iron encapsulated fat-based emulsions for prilling
experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Viscosity of fluid phases at 20 o C, which are reported in Table 3.1
and corresponding viscosity ratio between dispersed to continuous
phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Surface tension of the emulsions at 20 0 C . . . . . . . . . . . . . .
Interfacial tension of the emulsion phases at 20 0 C . . . . . . . . .
Specification of twin fluid atomizers (liquid and air cap exit diameters)
Mean emulsion particle sizes (prillis of W/O) using different prilling
conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The release kinetics rate constants for different emulsion particles.

21
23

29
39
40
43
103
104

139

140

Curriculum Vitae
Bipro Nath Dubey
Personal Data
date of birth September 30, 1978
place of birth Pabna, Bangladesh
citizen of Bangladesh

Education and Stages
04/2009 – 12/2013

Doctoral student and research scientist at the Laboratory of
Food Process Engineering, Institute of Food, Nutrition and
Health, Department of Health Science and Technology, Swiss
Federal Institute of Technology (ETH) Zurich, Switzerland.

05/2008 – 02/2009

MSc thesis and research assistant on polymerization of polylactic acid (PLA), Institute for Chemical and Bioengineering,
Swiss Federal Institute of Technology (ETH) Zurich, Switzerland.

2006 – 2008

MSc in Chemical Engineering, Dept. of Bio- and Chemical Engineering, TU-Dortmund, Germany.

1999 – 2005

BSc in Chemical Engineering, Dept. of Chemical Engineering
and Polymer Science, Shahjalal University of Science and Technology, Bangladesh.

Publications
Dubey, B. N. and Windhab, E. J. (2013). Iron encapsulated
microstructured emulsion-particle formation by prilling process
and its release kinetics, Journal of Food Engineering, 115(2),
198–206.

141

