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Abstract
Electrohydrodynamic atomization (EHDA) is now a well-known technique among the
researchers as a potential technique for industries. The technique uses electric fields to
produce mono-dispersed charged droplets and ensures controlled production. The
current work investigated the intrinsic aspects of Electrohydrodynamic atomization of
non-Newtonian liquids with high solid content made from infant milk formula (IMF)
powder. The aim was to determine the characteristics of sprays of IMF solutions with
high solid content, compare them with characteristics of EHDA atomization of
Newtonian liquids, and investigate the possibilities of out-scaling. In this context, the
rheology and physical characteristics of IMF solutions at different solid content were
determined. Then, a study of electrospray characteristics for each IMF solution was
conducted in the dripping regime and in the jetting regime using a grounded nozzle and
charged counter electrode. The visualization of the spray was done using a high-speed
camera with backlight illumination. The results indicated that, in the dripping regime, an
electric field influences formation of modes for solid content less than 40% w/w, which
can be correlated to conventional electrospray modes. In the jetting regime, when the
simple jet mode was operated at whipping break up produced small droplets compared
to varicose break up. In regards to out-scaling the atomization of 55% w/w IMF
solution, a thermal jacket system and a single nozzle with four orifices at 300 pum
internal diameter each was manufactured. With this nozzle configuration, a throughput
of ~3 L h't was achieved and droplets with broad size distribution (13 pm < d < 1900
pm) obtained. This was attributed to the whipping break up mechanism of the IMF
electrospray jets. Further studies which should include carrying out tests in an

evaporator with an aim of determining the properties of the product were recommended.

XVi



Chapter 1

INTRODUCTION
1.1. Background
Recently, most industries have shifted interest to processing products in powder form
relative to liquid or solid form. Some of these industries include dairy, pharmaceutical,
agriculture, and paint. Powder products are stable, and they lower storage and
transportation costs (Schuck et al., 2012). To obtain the product in powder form a
method known as spray drying is widely used. The technique involves atomization of
concentrated feed liquids and complete or partial vaporization of water from the droplets
to get the desired powder. Although the use of the high solid content is reported to be
beneficial in terms of the energy input (Bouman et al.1993), it poses a major challenge
with regard to efficient evaporation (Fox et al., 2010). For instance, the formation of dry
patches and sugar crystallization has been attributed to the wide spectrum of droplets in
the spray drying of feed liquids of high solid content (Kelly and Fox, 2016; Wu et al.,
2014). Therefore, spray drying technique highly depends on the atomization process and
the spray characteristics of feed liquid, in particular the droplet size, size distribution,

and dispersion.

The atomizers that are mostly used in the production of dairy powders are the pressure
and the swirl disk atomizers (Kelly and Fox, 2016). In contrast to the above mentioned
conventional mechanical atomizers, Electrohydrodynamic atomization (EHDA) or
electrospraying is well known to produce small droplets with narrow size distribution
(Yurteri et al., 2010). The setup for electrospraying consists of an infusing pump
connected to a charged capillary nozzle relative to a counter electrode (Scheideler and
Chen, 2014). The electric field created at the nozzle exit and the counter electrode play

the major role in liquid atomization.



Typically, in uncharged situation three distinct hydrodynamic regimes can be observed
when a liquid is dispensed through a nozzle at different flow rates. The regimes are as
follows: the dripping regime that is characterized by formation and detachment of a
single droplet at the exit of the nozzle, the jetting regime that is characterized by
formation of a continuous jet that originates from the capillary exit and breaks into
droplets downstream, and the transition regime that occurs between the dripping and the
jetting regime (Ambravaneswaran et al., 2000; Clanet and Lasheras, 1999; Agostinho et
al., 2012). The application of an electric field in the dripping regime leads to obtaining
conventional EHDA modes (i.e. dripping, micro-dripping, intermittent, spindle, cone jet
or multi-jet) as elucidated in detail by Cloupeau and Prunet-Foch (1990) and Jaworek
and Sobczyk (2008). Similarly, the application of an electric field in the jetting regime
and the transition regime lead to another EHDA mode known as the simple-jet mode
(Agostinho, 2013). Therefore, the electrically charged droplets enhances a good
dispersion and an oppositely charged system can be implemented to control their

deposition.

The characteristics of EHDA modes and the generated droplets are determined by a
number of parameters that are categorized into liquid properties and the operation
parameters (Chen and Pui,1997; Yurteri et al., 2010). The liquid properties include
surface tension, viscosity, conductivity, and density while operation parameters are the
liquid flow rate and the applied electric potential (Camelot et al., 1999). Hence, a
complete description of electrospray modes entails generated droplet size, their size
distribution, spray envelope, and droplet charge. In the literature, it has been
demonstrated that a wide range of liquids with varying characteristics can be
electrosprayed as pointed out in a review by Grace and Marijnissen (1994). This, has
further enhanced the application of the EHDA technique in medicine encapsulation
(Orlu-Gul et al., 2014), Micro-and nanoparticles production (Xie et al., 2006),



nanofibers production (Reneker and Yarin, 2008), thermal desalination (Agostinho et al.,

2012) and remains an active area of research.

In this work, the EHDA characteristics of non-Newtonian liquids with high solid content
are investigated. The study utilized formulations made by rehydrating infant milk
formula (IMF) powder. To obtain results useful for realistic industrial conditions, the
study used an experimental set-up consisting of a thermal jacket feed system that was
connected to an electrospray system. The electrospray characteristics tests were
conducted with IMF solutions containing dry solid contents varying from 10% w/w to
50% w/w and the industrial application tests investigated using the 55% w/w IMF

solutions.

1.2. Problem Statement

Increased solid content in the feed liquid leads to an increase in viscosity, and, in turn, it
exhibits non—Newtonian features (Bienvenue et al., 2003; Trinh et al., 2007).
Additionally, concentrating the feed liquids changes the properties such as the density,
surface tension, and conductivity, that are known to influence characteristics of
electrospray (Chen and Pui, 1997). The ease in flow and certainty in properties foster
more studies to report on electrospray modes of Newtonian liquids than about
electrospray applications on non-Newtonian ones, especially those that involve
increased solid content. Additionally, most of the existing droplet scaling laws that are
used to characterize an electrospray system cannot be applied for other non-Newtonian
liquids (Zhang et al., 2006). Since atomization of liquids with high solid content are
frequently encountered in powder processing industries, and it is often difficult to obtain
the required droplet size that might be obtained with EHDA, hence the success of the

current study.



1.3. Objectives
1.3.1. General Objectives
The general objective is to investigate the overall characteristics of EHDA with non-
Newtonian liquids formulated from high solid content and compare the function of such
sprays with the current knowledge of Newtonian liquids.
1.3.2. Specific Objectives
The specific objectives are:
I.  To determine the rheology and physical properties of the IMF solutions with
different solid content.
Il.  To study the electrospray characteristics (droplets formation, droplets sizes) of
the IMF solutions in the dripping regime
1. To study the electrospray characteristics (droplets formation, droplets sizes, and
spray envelope) of the IMF solutions characteristics in the jetting regime.
IV.  To assess the suitability of the EHDA technique in industrial applications for
IMF solutions with solid content >55% w/w.

1.4. Justification and Significance of the Study

The optimum goal of liquid atomization in every application is to create the required
droplet size while minimizing energy input. An increased solid content (e.g. >50% w/w)
during spray drying decreases the amount of water and consequently the energy
requirement for drying (Bouman et al., 1993; Fox et al., 2010). In addition, the industrial
interest is the knowledge towards the control of the atomization process during the
production. Atomization and spray dispersion pattern control the size, morphology, and
flowability of powder products and further determines the design of evaporators (Kelly
and Fox, 2016; Schuck et al., 2012). Therefore, EHDA becomes a choice of studying
such liquids with high solid contents since it is known for producing droplets with a

narrow size distribution and good spray dispersion that can be controlled due to the



charged droplets. To the scientific community the study will provide valuable data about

the EHDA atomization of such liquids with high solid content.

1.5. Scope and Limitation of the Study

The study makes use of infant milk formula (IMF) powder and water to formulate
solutions with different solid content ranging from 10% to 55% w/w. The study of
electrospray characteristics for IMF solutions and its outscaling possibilities are carried
out in a laboratory scale. The analyses of the images are limited to droplets formation in
the dripping regime and to droplets sizes, sizes distributions, and spray dispersion in the

jetting regime.



Chapter 2

LITERATURE REVIEW
2.1 Characterization of Liquids
The study of the behavior of materials or substances under deformation is attributed to
the science of Rheology (Barnes, 2000). Rheology involves characterization of the flow
behavior of the materials and determination of their structure in terms of viscosity and
elasticity (Larson, 1999). Rheologically, materials have been classified into either
elastic, viscous or viscoelastic depending on their reaction to an applied force. For
instance, ideal solids are termed elastic since when a deformation force is applied, they
store the energy imposed and recover their initial state upon release of stress (Barnes,
2000). Ideal gases and liquids are described as viscous, which means the deformation
energy makes them flow and the energy is transformed into heat and their state is
irreversible (Barnes, 2000). Finally, some materials exhibit both elastic and viscous

properties and therefore are termed as viscoelastic

For liquids, the knowledge of their flow behavior is described using rheograms. By
definition, a rheogram is a plot of shear stress (t) versus shear rate (y) (Chhabra and
Richardson, 2008). To obtain this relationship the liquid is either confined between a
cone and a plate, two coaxial cylinders, or two parallel plates and one part is slowly
moved (Macosko, 1994). Because of the liquid viscosity, this movement gives rise to a
frictional force that opposes the applied force (Chhabra, 2006). Eventually, the liquid is
subjected into a shear flow in which the intermediate layers moves at different velocity.
Figure 2.1 illustrates a shear flow of a liquid between two parallel plates when a force
(F) is applied to the top plate. The plates have the same surface area (A) and are
separated by a distance (dy). The resultant shear stress is expressed by the force per unit
area while the shear rate is described by the velocity gradient (Chhabra, 2006). Both

relations are shown in equation (2.1) and (2.2) respectively.



Surface area A

Figure 2.1: A schematic showing of shear flow of liquid between two parallel plates
(Adopted from Chhabra and Richardson, 2008)

Ty = Force[ N2 = Pa] Eqn. 2.1
Area m

;= dv, (m/s gt
dy m Eqn. 2.2

2.2. Newtonian Liquids

Most common liquids such as water, mineral oil, ethanol, and glycerol are examples of
Newtonian liquids. As illustrated in the general flow curve presented in Figure 2.2, the
flow behavior of Newtonian liquids shows a linear relationship between shear stress and
shear rate which is described by equation (2.3) (Chhabra, 2006), where the constant of
proportionality (p) is the liquid dynamic viscosity. The dynamic viscosity describes the
resistance of a liquid to flow or to deformation and depends on the liquid properties at a

specified temperature (Chhabra and Richardson, 2008). In rheology, the ratio between



the shear stress and the shear rate defines the viscosity of a liquid as expressed in

equation (2.4).

T = uxy(Pa) Eqn. 2.3
.
1 =—(Paes) Eqn. 2.4
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Figure 2.2: Schematic showing flow behavior of Newtonian liquids ( adopted from
Chhabra, 2006).



2.3. Non-Newtonian Liquids

These liquids are often encountered in industrial processes and occur in the form of
emulsions, suspensions, colloids and polymer solutions (Stading, 2010). Their flow
characteristics differ from those of Newtonian liquids due to their complex structure and
deformation effects (Chen, 2009). One of the intrinsic aspects associated with the non-
Newtonian liquid is nonlinearity between shear stress and shear rate (Chhabra and
Richardson, 2008). The behavior of the non-Newtonian liquids is characterized with an
apparent viscosity defined as in equation 2.4 for Newtonian liquids, but at a particular
shear rate and temperature (Trinh et al., 2007). Below is a brief description of various

non-Newtonian liquids.

2.3.1. Pseudoplastic Liquids or Shear Thinning Liquids

Pseudoplastic (or shear thinning liquids) are characterized by an apparent viscosity that
decreases with increasing shear rate (Schramm, 1994). Examples include dilute polymer
solutions, creams, salad dressings, and shampoos. It has been observed that the flow
curve of some shear thinning liquids shows regions with a constant viscosity (form
plateaus) at low values and high values of shear rates as shown in Figure 2.3. In this
case, the corresponding values of the apparent viscosity are known as zero shear
viscosity (1,) and infinite shear viscosity () respectively (Chhabra and Richardson,
2008).These values are obtained by plotting the log of the apparent viscosity versus the
log of the shear rate.
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Figure 2.3: Schematic showing zero and infinite shear viscosity (adopted from Barnes,
2000).

2.3.2. Dilatants or Shear Thickening Liquids
A liquid is said to be dilatants or shear thickening if its apparent viscosity increases with
increasing shear rate. The shear thickening behavior is observed in wet sand and

concentrated starch or polymer solutions.

2.3.3. Viscoplastic Liquids

Viscoplastic liquids are characterized by a yield stress(z) that has to be exceeded
before the liquid flows. Their characteristic flow curve is either linear or nonlinear.
Liquids with a yield stress and a linear flow curve are termed Bhigham-plastic, and
therefore they are defined by a constant value of plastic viscosity. On the other hand,
Liquids with a yield stress and a nonlinear curve are called yield pseudoplastic. Some
examples of viscoplastic liquids are drilling mud, ketchup, toothpaste, yogurt, and blood.
Figure 2.4 shows the characteristic flow curves for a Newtonian liquid and for the above

described non-Newtonian liquids.
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Figure 2.4: Characteristics flow curves for a Newtonian liquid and different types of
non-Newtonian liquids (adopted from Chhabra, 2006).

2.3.4. Thixotropic and Rheopectic Liquids

Thixotropic liquids are defined the same as pseudoplastic liquids in the sense that, upon
subjecting to a constant shear rate, its apparent viscosity decreases with time of shearing.
However, their flow curve exhibits a hysteresis loop as the shear rate is decreased.
Rheopectic liquids are defined same as dilatants liquids but also their flow curve shows
hysteresis loop. The shape of the hysteresis loops for both the Thixotropic and
rheopectic liquids depends upon the time of shearing and kinematic history of the liquid.
Some examples include mayonnaise, brush paint and margarine. Figure 2.5 is a general

rheogram for thixotropic and rheopectic liquids
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Figure 2.5: General flow curve for thixotropic and rheopectic liquids (adopted from
Chhabra, 2006).

2.3.5. Other Physical Aspects of Non-Newtonian Liquids

In addition to the nonlinearity of shear stress and shear rate, other physical aspects are
sometimes observed for non-Newtonian liquids. Some examples are Weissenberg effect,
self-siphoning, extrusion or Barus effect (Boger and Walters, 2012). Weissenberg effect
also known as rod climbing is a phenomenon where liquid climbs up a rotating rod
dipped in it. The self-siphoning effect is a physical behavior that occurs when an open
tube is placed inside a container with non-Newtonian liquids for the purpose of
siphoning. Then, upon lifting the tube on the surface of the liquid, the siphoning action
continues without deforming the structure of the surface. Extrusion or Barus effect is a
phenomenon that occurs when a non-Newtonian liquid is squeezed through a nozzle and

it is observed to swells as its exits.
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2.4. Rheological Models

In order to interpret the liquid rheogram to useful information with regard to flow
characteristics of liquids, several mathematical models have been presented in literature
(Chhabra, 2006). Examples of these models include the Power law or Ostwald-De
Waele model, the Herschel-Bulkley model, the Ellis and Eyring, the Casson and the
Bingham models. For non-Newtonian liquids with high solid content especially that
relate to reconstituted milk, the two models presented below are mostly applied
(Bienvenue et al., 2003; Trinh et al., 2007).

2.4.1. Power law or Ostwald Model
This model describes the flow curve of pseudoplastic (shear thinning) liquids (Chhabra,
2006) and it takes the form:

°n
T=Kxy Eqn. 2.5

Where K (Pa.s") is the consistency factor that gives an idea of viscosity, and n is the
flow behavior index of the liquid. The power law gives the flow behavior as follows:
when (n=1), the equation reduces to the Newtonian equation, and thus K becomes the
viscosity, when (n< 1) it describes pseudoplastic and for (n>1) it expresses dilatant
behavior. It is worth noting that rheological properties for different liquids can only be

compared if the liquids have the same flow behavior index.

2.4.2. Herschel-Bulkley Model
This model has three parameters namely: yield stress, consistency factor, and flow
behavior index. Therefore, it is applied to fliquids with nonlinear behavior and which

has a yield stress. In addition, the equation can transpose into the Power law when the
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yield stress(zy) is zero and to the Newtonian law when n =1 and t, = 0. The Herschel-

Buckley equation is given as:

°n
T=17,+kxy Egn. 2.6

2.5. Liquid Atomization

Liquid atomization is the mechanism under which a bulk liquid is disintegrated into a
spray of small droplets (Lefebvre, 1988). The resultant spray of the fine droplets in the
surrounding gas is known as aerosols (Meesters et al., 1992). Generally, the atomization
process is classified depending on the energy used to create disturbances on a liquid jet.
For example, pressure atomization uses pressure energy, ultrasonic atomization uses
vibration energy, rotary atomization uses centrifugal energy and Electrohydrodynamic
atomization uses electrostatic energy (Ashgriz and Yarin, 2011). Among these,
Electrohydrodynamic atomization or electrospray is known for its ability to produce
droplets in the nano and micrometer size range (Marijnissen, 2004). With regard to dairy
powder production, most of the atomizers used are pressure and swirl disk atomizers
(Kelly and Fox, 2016).

2.5.1. Background of Liquid Break-up

The first work to report on jet break-up probably dates back to the 15" century by
Leonardo da Vinci in his book ‘the Codex Leicester’. da Vinci noted that the detachment
of the droplets from a stream of water was governed by droplet inertia overcoming the
surface tension (Eggers and Villermaux, 2008). Later in 1849, Plateau established that
cylindrical jets were unstable to surface instabilities which had a wavelength larger than
the jet radius by a factor of 2z. In 1879, Rayleigh extended this description for an
inviscid liquid jet subjected to small axis symmetric varicose instabilities. The scholar
demonstrated that the disintegration of the liquid jet into droplets was governed by the
fastest growing varicose instabilities (Hartman et al., 1999). The wavelength of the
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fastest growing instabilities, which is often termed as the optimal or dominant
wavelength, was shown to be 4.51d; (Lin and Reitz, 1998). After break up, this liquid

ligament of length 4.51d; forms a spherical droplet in which the size can be predicted on

the basis of a sphere of equal volume as in the relation below:

T T 3
4.51q jx(zjdf :(ijd Eqn. 2.7

d=189(, Eqn. 2.8

Where d is the droplet diameter and d;is the jet diameter.

According to Lin and Reitz (1998), the works of Rayleigh form the basis on the study of

axis-symmetric capillary jet break up or Rayleigh regime at the liquid-gas interface.

2.5.2. Droplets Formation Regimes

When a liquid is dispensed from the end of a capillary nozzle into a quiescent gas, at low
velocity, a drop grows quasi-statically until its weight overcomes the surface tension
forces and adhesion forces (with capillary nozzle if applicable). This mechanism of a
single droplet breaking up or dripping from the nozzle exit is referred to as dripping
regime (Ambravaneswaran et al., 2000). If the jet velocity is increased beyond a certain
value, a continuous jet is formed at the nozzle tip which breaks-up into droplets
downstream (Agostinho et al., 2012; Clanet and Lasheras, 1999). The above descibed
droplet formation mechanism is known as the jetting regime. The transition from
dripping into jetting regime is referred to as transition or dripping faucet regime
((Ambravaneswaran et al., 2004). Figure 2.6 below shows the physical distinction
between the three regimes using a water jet (adopted from Agostinho et al., 2012.
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Figure 2.6: Schematic showing droplet formation in dripping regime (a), transition

regime (b), and jetting regime (c) using water (adopted from Agostinho et al., 2012).

Clanet and Lasheras (1999) distinguished the transition from dripping to the jetting
regime by considering the jetting to occur when the intact length was about twenty times
the nozzle radius. Van Hoeve et al. (2010) observed that the lower critical velocity (v)
for transition from dripping to jetting can be determined by the ratio of kinetic energy
and surface tension of the liquid known as the liquid Weber number (We) given by

below formula:

2
We:m—r
Y

Where r is the unperturbed jet radius, y is the surface tension of the liquid and p is the

Eqn. 2.9

density of the liquid.

The jetting regime was found to occur at:
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r
We = ,0\7// —4 Eqn. 2.10

Agostinho et al. (2012) experimentally found that using water the three regimes occur at
We <1 for dripping, 1< We< 4 for the transition regime and We > 4 for the jetting
regime.

Other regimes that account for aerodynamic effects have been reported in the literature
(Chigier and Reitz, 1996). These include first wind induced regime, second wind
induced regime, and atomization regime (Lin, 2003). These regimes are not going to be
considered in this work and therefore it will not be discussed in detail. For further

reading the reader is referred to the work of Lefebvre (1988).

2.5.3. Non-Newtonian Effects on Liquids Jets

There is vast literature mentioning the different aspects of atomization of the non-
Newtonian liquid. Some of these aspects which could be relevant for this work are
covered here. The pioneering work of Middleman (1965), Goldin et al. (1969), and
Bousfield et al. (1986) showed that dilute polymer jets are stable with respect to
capillary disturbances in relation to Newtonian liquids. Such characteristics has been
attributed to the damping effect caused by polymer additives to the propagation of
capillary disturbances (Mun et al., 1998). Other studies have shown that with a high
concentration of polymer additives, the jet can transform from varicose break-up to
droplets interconnected by a thin thread known as ‘beads on a string’ morphology (Bhat
et al., 2010; Christanti and Walker, 2002). A review of the effects of visco-elasto—plastic
on capillary instabilities was presented by Mckinley (2005). A numerical study on the
dripping regime for polymer solution performed by Yildrim and Basaran (2006)
demonstrated that for a particular liquid rheology (i.e. pseudoplastic or dilatant) there
exists a range of flow rates (or Weber numbers) in which satellite droplet does not occur.
For the case of transition from dripping to the jetting regime, Clasen et al. (2009)
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developed a dynamic theory and explained how elastic effects modify this transition due
to a phenomenon they called ‘gobbling’. Gobbling was shown to be a situation where
the terminal drop ‘greedily’ swallows several small successive droplets before it

detaches.

2.6. Electrohydrodynamic Atomization (EHDA)

Electrohydrodynamic atomization or electrospray is a process where a liquid jet is
broken-up into mono-dispersed droplets under the influence of implemented electric
stress (Jaworek and Sobczyk, 2008). The above mentioned phenomenon was first
studied experimentally using water and glycerol by Zeleny in 1917. With the aid of
photographic images, fine droplet formation from a conically shaped meniscus were
observed (Zeleny, 1917). Later, Taylor (1964) provided a theoretical description of the
conical meniscus shape of the electrified droplet. The above mentioned functional mode
was then named as the ‘Taylor cone’ in honor of the contribution (Cloupeau and Prunet-
Foch, 1989).

Extensive studies have been conducted with the aim of understanding the control
parameters of the electrospray. For example, Mutoh et al. (1979) investigated a range of
feed liquid conductivity. Smith (1986) reported on effects of liquid properties and
operation parameters, De la Mora and Loscertales (1994) and Ganan-Calvo et al. (1997)
presented scaling laws with regard to droplet size and emitted current, and Hartman et
al. (1999) took another approach to develop scaling laws and a model to calculate the
shape of a cone in cone-jet mode, electric field in and outside the cone, and the surface

charge density on the cone and jet.
The EHDA technique has been employed in various applications such as mass

spectroscopy (Fenn et al., 1989), propulsion systems (Gamero and Hruby, 2001;
Hendricks, 1962), drug delivery (ljsebaert et al., 2001), and encapsulation (Xie and
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Wang, 2007). It has been possible to apply EHDA in various field due to the use of
different functional modes that have been described and explained by Cloupeau and
Prunet-Foch (1990), Grace and Marijnissen (1994), Jaworeck and Krupa (1999), and
Jaworek and Sobczyk (2008). The most observed mode is the cone-jet mode. Other
known modes are the dripping, micro-dripping, spindle jet, intermittent cone-jet, and
multi-jet (Yurteri et. al, 2010).

Even though former works have reported about a functional mode associated with high
flow rate known as the simple-jet mode, it was not sufficiently characterized till the
recently published by Agostinho (2013). The author established its operation window
and characterized the mode in terms of droplet size, size distribution droplet charge,
spray envelope and break-up length. The author showed that the mode can be applied

successfully in desalination and in processes that require large throughput.

Most of the reports found in the literature involves electrospray characteristic of low
viscous or viscous Newtonian liquids (i.e. water, ethanol and glycerol). The interest in
the technique has led to researchers reporting on the characteristics and functioning of
EHDA with non-Newtonian liquids. Examples are Zhang et al. (2006) who used high
viscous silicone oil with viscosity ~58,560 mPa s (in literature considered as
pseudoplastic) and electrical conductivity ~10° S m™ to obtain micro threads of size
range 9<d<170 um, Pancholi et al. (2009) electrosprayed a chitosan suspension on a
stable cone jet and they reported about the effects of liquid viscosity and surface tension
on particle diameter, Moghadam et al. (2010) used different high viscous, pseudoplastic
(shear thinning) non-Newtonian polymer solutions, and derived scaling laws relating the
produced droplet size with the Weber and the Reynolds numbers and the electric field
intensity. Such interest is justified by the fact that many industrial/commercial processes
are based on non-Newtonian liquids, e.g. drug or food encapsulation, spray drying, spray
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painting, etc. However, the literature reporting the intrinsic aspects of the application of

EHDA atomization of solutions with high solid content (>30% w/w) is lacking.

2.6.1. EHDA Principles
A simple setup for electrospraying consist an infusing pump, a syringe connected to
capillary nozzle, a counter electrode, and a high voltage power supply as shown in

Figure 2.7.
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Figure 2.7: EHDA set-up A) An infusing pump fitted with a syringe, B) Capillary
nozzle, C) A high voltage power supply, D) A Taylor cone and spray of droplets, E)
Earthed counter electrode, and F) Earthed support (Adopted from Yurteri et al., 2010).

The liquid is discharged through the nozzle at a flow rate of the order mL h'*while an

electric potential in the range of 1-10 kV is applied between the nozzle and counter
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electrode (Yurteri et al. 2010). The applied electric potential creates an electric field as
well as induces surface charge around the tip of the nozzle. As the liquid discharges at
the tip, it experiences an electric stress. Depending on the flow rate and the electric field
strength, a balance between electric normal stress and the liquid surface tension can
result in the formation of a Taylor cone (Hartman et al. 2000) The formation of a cone
causes the acceleration of the liquid and the concertation of surface charge at the apex of
the cone and an eventual emergence of jet at the tip of the cone (Camelot et al. 1999).
The jet proceeds downward and breaks into charged droplets. The size of the produced
droplets and the liquid surface tension governs the maximum charge that a droplet can
attain, which is known as Rayleigh limit defined in equation (2.12). Droplet charge limit
causes instability of the droplets and further spontaneous evaporation of the droplets
with different sizes.

1/2 R3/2

Qyim =87z (&4y) Egn. 2.11

Where q;,, is the Rayleigh charge limit, &, is electric permittivity of vacuum, » isthe

liquid surface tension, and R is the radius of the droplet.
The above discussed functional EHDA mode is known as the cone jet mode. Other

functional modes are discussed in the next section.

2.6.2. Electrospray Modes

For a particular liquid, different combinations of electric field and flow rate result in
different spray modes with different droplet size characteristics (Yurteri et al., 2010). As
pointed out earlier, Cloupeau and Prunet-foch (1990) were probably the first authors to
describe and explain the different electrospray modes observed. Different authors have
extended the description of modes by developing a stability map relating to potential and
flow rate where the modes can be realized, and they include Agostinho (2013) and Grace

and Marijnissen (1994). Figure 2.8 shows an example of such diagram.
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Figure 2.8: Electrospray modes at different droplet formation mechanism versus the

applied potential (adopted from Agostinho, 2013).

Agostinho (2013) observed that the EHDA modes are realized at three different droplet
formation mechanisms which can be differentiated by liquid Weber number (We).
Namely the dripping regime (We< 1), the dripping faucet regime (1< We <4), and
finally the jetting regime (We>4).

In the dripping regime, the dripping mode is observed when an applied electric potential
is sufficient enough to accelerate the emission of the droplet from the tip of the nozzle
(Notz and Basaran, 1999). The mode constitutes the production of droplets larger than

the nozzle diameter at regular time intervals (i.e. low frequency till 500 Hz). If the flow
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rate of the liquid is lowered and the applied potential is increased the micro-dripping
mode is observed, in which the applied electric potential tends to strip droplets from the
apex (Shiryaeva and Grigor'ev, 1995). The droplet size ranges from nano to micro size
range and their size distribution is often monodispersed (Jaworek and Krupa, 1999). If
flow rates and applied potential are increased, either spindle mode or intermittent cone-
jet mode can be observed. The spindle mode is characterized by a cycle that starts with a
relaxed meniscus, followed by transformation of the meniscus into a conical shape with
a jet emanating from the apex, the jet breaking into fine droplets, the detachment of a
spindle-like ligament from the cone and finally the meniscus retracting while the
ligament proceeds to break up into a large droplet and several small droplets (Yurteri et
al., 2010). Further, the authors note that in the intermittent cone-jet mode the cycle starts
with a hemispherical meniscus that transforms into a cone, followed by formation of a
stable jet and finally a cone relaxing into a meniscus. The jet forms a spray of fine
droplets while the recovery of the meniscus causes the jet to collapse into several large

droplets.

If the electric potential is increased, a balance between the normal electric field force
and the surface tension of the droplet may be achieved. As a result, the droplet meniscus
is deformed into a conical shape with a jet emanating from its tip which consequently
breaks up into a spray (Meesters et al., 1992). The mode is referred to as cone-jet mode
and is known by producing droplets much smaller than the nozzle diameter with narrow
size distribution (Marijnissen, 2001). The magnitude of the applied electric potential
influences the breakup of the jet, whereby the jet can either undergo a varicose or
whipping break-up (Cloupeau, 1990; Hartman et al., 2000). With higher electric
potential, several jets emanating from the meniscus may form and multi-jet mode

occurs.
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An EHDA mode that has been characterized starting at a point where We = 3 in the
transition regime to point where We = 21 in the jetting regime, is the simple jet mode
(Agostinho et al., 2012). Starting with uncharged jet, the liquid flow rate is increased till
a permanent jet is formed directly from the nozzle exit which breaks up due to Rayleigh-
Plateau instabilities. An application of an electric field result in an EHDA mode known
as the simple jet mode (Agostinho, 2013). According to the author, the simple jet mode
is associated with several characteristics. First, in comparison to uncharged jets the
action of the electric field result into a reduction of the droplets average diameter of
about 20% of the primary droplet. Second, for a particular flow rate, the applied
potential causes the droplets to disperse forming a spray envelope (a dispersion angle of
10" was considered as the initial point of reference). Third, increasing the flow rate and
applied potential the jet was observed to change from the varicose break up into the
whipping break up with the production of poly-dispersed droplets. Lastly, the simple jet
mode can produce monodispersed sprays when operated in the transition regime and at
an appropriate electric potential. However, in relation to the cone-jet mode, the droplet
size in the simple jet is in the range of the nozzle diameter. Furthermore, due to
increased flow rate and well-developed spray envelope, this mode was recommended for
evaporation applications that require massive production such as desalination and spray
drying.
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Chapter 3
METHODOLOGY
3.1 Materials and Methods
This chapter highlights the methods used to conduct the experiments in this work.
Basically, it can be divided into IMF solution preparation, IMF solution characterization,

the electrospray experiment set up, and analysis.

3.2 IMF Solutions Preparation

Solutions with different solid content were prepared by dissolving the IMF powder in
water at temperature of 50 °C. The mixture was mechanically stirred using a magnetic
stirrer until the powder was evenly dissolved. Heating was done for 8 to10 minutes to
mimic pasteurization and ensure complete dissolution of lactose. A re-circulating hot
water bath was used to maintain the IMF solution at the specified temperature and
heating process. The solution was then transferred into a solution chamber maintained at

55 °C to allow long storage and avoid denaturing of protein.

3.3 IMF Solution Characterization
The physical properties of the IMF solutions were carried out at 70 °C which presents

the real temperature for atomization.

3.3.1 Rheology

The rheology of the solutions was determined using rotational viscometer (RM100,
Lamy®). The system consists a rotating bob of a diameter 25 mm and cylinder with a
holding capacity of 20 mL. The viscosity range for this system is 5-150,000 mPa s and a
shear rate range of 0.38 s to 1500 sX. The rheomat is coupled with a temperature probe
PT100 and a thermostating hot water bath that ensured the solution was kept at constant
temperature during measurement. The IMF solutions were subjected to a shear rate

ranging of from 0.38 s to 1340 s and the apparent viscosity at each shear rate was
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recorded. The observed data was used to draw the flow curves. The Power law model
was transformed into logarithmic as in equation (3.1) and data was fitted to determine

the consistency coefficient (K) and the flow behavior index (n).

log,,(z)=log,, k + nlog,, 7 Eqn. 3.1

3.3.2 Other Physical Properties

The surface tension of the IMF solutions at different solid content was measured using
with K6 Kruss tensiometer (kruss GmbH, Germany), which employs the Du Nouy ring
method. The tensiometer consisted of a platinum ring (R10111) as a measuring probe
and a 50 mL beaker. The measuring range wasl to 90 mN/m with a resolution of 0.5
mN/m. The surface tension was determined by submerging the tensiometer ring in the
IMF solutions and pulling it slowly out of the solution. The force required to raise the
ring from the solution surface (just before the breaking of lamella) was measured and
recorded. Three measurements were carried using fresh IMF solutions and the average is

reported. The tensiometer was Calibrated using tap water (71 mN/m).

The conductivity of IMF solutions at different solid content was determined directly
with a CDC401 (Hach®) conductivity probe. The conductivity probe is coupled with a
temperature sensor. The measurement range is 0.01 uS/cm -200 mS/cm with an accuracy
of 0.5% of the reading. The probe is designed to measure the resistance of the solution
between electrodes, which are 1 cm apart. The measurements were recorded after the
readings stabilized. This was repeated three times and the average value was reported.

The probe was calibrated using milli-Q water (18 MQ cm).

The density of the IMF solutions was determined by constant volume method; the

measurements were done using a standard density flask of 50 mL. The mass of an empty
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and filled density flask was measured using a precision balance (model Kern 572-35)
with accuracy of (0.01 g). The measurements were done in triplicate and the average

value was reported.

3.4 Electrospray Experiment

Figure 3.1, shows the experiment set up used. The setup contains two chambers
maintained at different temperature, an EHDA system, and a computerized data
acquisition system. The chamber maintained at 55 ‘C, is the IMF solution chamber
whose purpose is to allow long spraying period without flocculation and denaturing of
the protein. The compressed air channel connected to the solution chamber was used to
provide a positive pressure to aid the flow of the solution. The stirrer was used to
prevent the thickening of the IMF solution, and the temperature probe monitored the
temperature of the solution. The second chamber maintained at 75 °C was used to ease
the flow and allow the IMF solution to attain atomization temperature. The EHDA
system consisted a grounded nozzle (1.D = 0.51 mm, O.D = 0.82 mm), and counter
electrode. For dripping regime, a negatively charged plate with a diameter of 600mm
was used and for jetting regime a negatively charged ring (1.D = 480 mm, O.D =540
mm) was used. The negative high voltage was delivered using HPC 35-35000 (FUG®).
Where necessary, Comsol multiphysics® software was used to model the electric field in

the system.
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Figure 3.1: Experiment Setup

The experimental study involved identifying the EHDA modes in the dripping regime
(i.e. dripping, micro dripping, intermittent cone jet, cone jet or multi- jet) and in the
jetting regime (i.e. The simple jet mode with varicose break up and the simple jet mode
with whipping break up). The electrospraying process was recorded using a
computerized imaging system which comprised SAX2 high speed camera (Photron®)
with back illumination. For each mode, the corresponding droplet size, size distribution
and spatial dispersion was determined by analyzing the captured images using Image J®
(image processing software). The parameters to define the droplets were the feret
diameter and circularity. The Feret diameter is the measure of the longest distance
between two parallel tangents of the droplet while circularity describes how close the
droplet is to a sphere (Olson, 2011). To ensure correct measurement in the software

(ImageJ®), the outer diameter of the nozzle was used to calibrate the images.
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3.4.1 Non Dimensionless Number

As rule of thumb, it is necessary to evaluate the importance of different forces governing
droplet formation as well as relate to other work (Grace and Marijnissen, 1994). In this
study Weber number was used to define the droplet regimes; an approach similar to that
by Agostinho (2013). The Weber number given in the equation (3.2) below was used to
define the droplet formation regime (i.e. dripping, transition or jetting regime) for

different solid content IMF solution.

2
We _ 2T

Eqgn. 3.2
Y

Where the liquid surface tension (y), density (p), the nozzle’s inner radius (r), and the

liquid flow rate (Q) were the parameters considered.
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Chapter 4

RESULTS AND DISCUSSION
4.1 Rheology of IMF Solutions
Using the current rheometer configuration (i.e. bob and the cylinder), it was not possible
to determine the dependency of viscosity on the shear rate for 10% w/w and 20% w/w
IMF solutions. In addition, for 30% and 40% w/w IMF solutions the measurements
could be obtained at shear rates ranging from 258 to 1032 s For, 50% w/w and 55%
w/w IMF solutions their flow characteristics were determined at shear rates ranging
from 25 to 1000 s™*. Figure 4.1 below, shows flow curves obtained for IMF solutions

with solid content 30% w/w, 40% w/w, 50% w/w and 55% w/w.

IMF solution flow curve

100 ! T ! ! ! '
; : : : : — & - 30% wiw
; : ; ; ; e 40% wiw
80 -t IRRREEEEE R EEEEE R R SRRl R > S ——El- 50% w/w []
: H : : : 55% wiw
e D . e AR .
L PO — S - e — .
ol S N A S i
© : : :
o : ' '
@ : : :
@ : : : : : :
B BD e e e R R R P PR PP PP R R -
5 : : : : : :
= : : ; pal
@© v " v v - "
= : : : : gl :
P A0 e R eneEEEE SRR b BT booeoiooos —
| i | e’ | |
: H : -~ : : :
B0 - R ECREEEEEERETH ~— ASEREEREE R R REREEEEEE -
H H - H H H
: e |
20 |l R S S S A 4
: = : o
BT ; : Y,
& : U < :
10 —---3------- P i E' """"""""""""""" p é;_:".'.""“‘e' """"""""""""""""""""""" —
o’ : < :
- R '
ogﬁ D I < e e i aftundi o ittt ol Sl
0 200 400 800 200 1000 1200 1400

Shear rate (1/s)

Figure 4.1: IMF solutions flow curves.

From the flow curves, a linear relationship between the shear stress and shear rate was

obtained for 30% w/w and 40% w/w which depict a Newtonian behavior. Therefore, the
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10% wi/w and 20% w/w IMF solutions were considered Newtonian liquids. For 50%
w/w and 55% w/w, their flow curves showed a ramp at low shear rates (this is well
portrayed in Figure 4.2). The ramp was followed by a curve that showed a Pseudoplastic
or Shear thinning characteristic. The stress ramp shows the maximum apparent viscosity
exhibited by each solution. Therefore, the stress at the maximum apparent viscosity is
considered to be the yield stress (Franck, 2004). This indicates that the solutions

required overcoming of a yield stress when pumping.

Apparent viscosity Vs Shear stress
60 160
. B 140 =1 11 - 0
50 __ﬂ"’ +* 50% w/w
o o - 120
° (o B 55% wiw
40 +m B
LI - 100
Apparent L -
Viscosity 30 @ 80 Apparent
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20
- 40
10
- 20
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Shear Stress (Pa)

Figure 4.2: Yield stress determination for 50% w/w and 55% w/w using a graph of
apparent viscosity versus shear stress. The primary y-axis is for 50% w/w curve and the

secondary y-axis is for 55% w/w curve.
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The data with the straight curve was fitted into the Power law model and the flow

characteristic parameters: consistency coefficient (K) and flow behavior index (n) were

obtained. These parameters are listed in Table 4.1.

Table 4.1:Flow characteristics parameters for different IMF solutions: yield stress, flow

index (n), and consistency index (K).

Powder Yield stess Flow index,n Consistency index, K
concentration (Pa) (Pas")

(Yow/w)

30 - 1.00 2.80x10°3

40 - 1.01 9.20 x10°®

50 12.74 0.99 4.99 x10%

55 18.06 0.97 1.22 x10*

From the results, it is clear that the IMF solutions with 30% w/w and 40% w/w at 70 °C

were Newtonian liquid. In this case, their apparent viscosity is 2.8 mPa s and 9.2 mPa.s

respectively. On the other hand, the 50% w/w and 55% w/w IMF solution were non-

Newtonian liquid with the flow characteristic exhibiting Pseudo plastic and with yield

stress.
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4.2 Other Physical Properties
Table 4.2 shows the average of the measured physical properties of the different IMF

solutions i.e. the density, the surface tension, and the conductivity.

Table 4.2: The summary of the physical properties of different IMF solution.

Powder concentration  Density surface tension Conductivity
(% wiw) (kgm’) (Nm') (Sm’)

10 1009 3.5x10” 2.66x10"

20 1034 3.9x10° 4.66x10"

30 1068 4.4x10" 4.61x10"

40 1098 4.5x10” 4.74x10"

50 1128 4.6x10° 4.16x10°
55 1142 4.6x10° 3.48x10"

It can be seen that an increase in solid content leads to an increase in density and surface
tension. However, conductivity at high solid content (i.e. 55% w/w) was seen to
decrease. The decrease in conductivity can be attributed to the fact that the ion mobility
in that solution is limited due to low water concentration. Otherwise, it is expected to

increase due to the high concentration of solid content.
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4.3 Regimes Definition

Based on the nozzle diameter and the physical properties of IMF solutions, it was found

that the regimes obtained occurred at different Weber number as tabulated below.

Table 4.3: Regimes definition for different IMF solutions.

Dripping Regime

Solid content Weber Number Flow rate, Q
(% wiw) (We) (mL h?

10 and 20 We<2.1 Q<420
30,40, and 50 We<21 Q<420
Transition Regime

10 and 20 2.1 We <3.1 420< Q<480
30 2.1<We<24 415<Q< 480
40 and 50 2.1 We<24 415<Q<450
Jetting Regime

10 and 20 We>3.1 Q>480

30 We >2.4 Q>480

40 and 50 We=>24 Q>450

The tests were carried using water which showed that, for water, the regimes occurred as
was defined in Agostinho (2013) i.e. dripping at We< 2.1(Q = 570 mL h™), the transition
at 2.1<We < 4, and jetting We >4 (Q = 780 mL h™). This shows that the regimes are

defined at lower values of Weber number using IMF solution especially the jetting

regime. Figure 4.3 provides an insight into the observable differences between the three

domains using solutions with 50% w/w content at: (a) the dripping regime at a flow rate
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of 5mL h, (b) the transition regime at a flow rate of 450 mL h%, and (c) the jetting

regime at a flow rate of 520 mL h'.

a) b) c)

1 mm 1 mm ._

1 mm

Figure 4.3: Regimes definition using IMF solutions with 50% w/w content where a) is
the dripping regime at a flow rate of 5 mL h%, b) the transition regime at flow rate of
450 mL h! and c) the jetting regime at flow rate of 520 mL h™.

4.4 Electrospray

The electrospray experimental results about the spray characteristics for each solid
content, flow rate, and applied potential are discussed in this section. The first section
presents the electrospray characteristics observed in the dripping regime and the second

section discusses electrospray results in the jetting regime.
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4.4.1 Electrospray Characteristics in the Dripping Regime
This first section discusses the electrospray characteristics of IMF solution in the
dripping regime. The experiments were undertaken using IMF solutions with a solid

content of 30% w/w, 40% w/w, and 50% w/w.

4.4.1.1 Electrospray Characteristics of IMF Solution with Solid Content 30% w/w
The behavior and electrospray characteristics were investigated at a flow rate of 1 mL h"
1 5 mLh?, and 10 mL ht. After establishing a stable flow of the solution, the
application of electric potential started at 0 kV and gradually increased to consider the
influence of electric field on droplet formation. In all the above flow rates, it was noted
that an electric potential at the range of 0 kV to 6 kV resulted into the enhanced dripping
mode. A notable difference was eminent between 1mLh and the other two flow rates at
electric potential beyond 6 kV.

In the case of 1 mL h%, at 7 kV and 10 kV the action of the electric field on the meniscus
of the pendant droplet resulted in pinching off of a single droplet from the tip without
alteration of the shape of the meniscus. An EHDA mode associated with the pinching of
small droplets at a low flow rate is referred to as micro dripping. As it can be seen in
Figure 4.4, small droplets are generated. At a further increase of the electric potential to
13 kV, it was observed that the meniscus was pulled into a thin ligament which then

proceeded to break up into several droplets of different sizes.
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Figure 4.4: Snapshots showing droplet formation at the different electric potential for a

flow rate of 1 mL h't.

In the case of 5 mL h™t and 10 mL h%, application of an electric potential of 8 kV to 10
kV produced a behavior depicted in Figure 4.5. The sequence starts with a rounded
meniscus (i), then stretches out into a conical shape in which it was observed a spray of
the stretched ligament pinches off forming one or more droplets with varying size
depending on the length of the stretched filament (v). After the detachment of the
ligament, the sequence is repeated by the meniscus restoring back into the initial state
(i). The EHDA mode in which the meniscus is periodically transformed into a conical
shape, followed by formation of a jet which sprays fine droplets and then stretching into
a ligament that detached and proceeds to form several droplets is described in the
literature as the spindle mode. Thus, the observed EHDA mode with IMF solutions with
solid content 30% w/w operated at flow rates 5 mL h™* and 10 mL hand an applied
potential ranging 8-10 kV was associated with the spindle mode observed in

electrospraying of Newtonian liquids such as ethanol and water. However, a liquid jet is

37




visible for Newtonian liquids operating in the spindle mode, but in this work it was is

not. This can be attributed to the presence of powder particles.

"y

200 ym

ivvyrl

Figure 4.5: Spindle mode sequence for IMF solution with 30% wi/w solid content at a
flow rate of (a) 5 mL h™* (b) 10 mL h** and applied an electric potential of 8 kV. The
frequency of the two cycles is ~4 ms (250 droplets per second) and ~3 ms (333 droplets

per second).
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For a flow rate of 5 mL h, the potential was increased till 13 kV see Figure 4.6. It can
be seen that there was no major difference in terms of the electrospray cycle except that
the strong electric field, caused the detachment of a filament that experienced horizontal

displacement as it proceeded to break up into droplets of different sizes.
)

Figure 4.6: Electrospray sequence for IMF solution with 30% w/w solid content at a

flow rate of 5 mL h™! and an electric potential of 13 kV. The frequency of the mode is

~2.3 ms.

With the studied flow rates and applied potentials using 30% w/w IMF solutions, the
cone-jet mode was not observed as commonly obtained in Newtonian liquids such as

ethanol.

4.4.1.2 Electrospray Characteristics of IMF Solutions with Solid Content 40% w/w
The electrospray characteristics were studied with similar operational conditions as
those in 30% w/w: flow rates of 1 mL h*t, 5mL h%, and 10 mL h** and range of applied
potentials of 0 kV to 13 kV. Starting with a flow rate of 1 mL h* and applying the
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electric potential in the range of 0- 6.5 kV, there was the minimal influence of the
applied potential on droplet formation in terms of frequency. Increasing the potential to
7 kV see Figure 4.7, it was observed that the pendant droplet starts with a rounded
meniscus that is transformed into a conical shape. As the tip prolongs, it thins out and
detaches forming small and big droplets. The meniscus would then relax into a spherical

Y

—
200 pm

shape and the cycle starts.

Figure 4.7: Electrospray sequence for IMF solution with 40% wi/w solid content at a

flow rate of 1 mL h™! and applied the electric potential of 7 kV. The total time for the

sequence is ~13 ms.

A cycle similar to that of 7 kV was observed when the electric potential was increased to
10 kV and 13 kV see Figure 4.8 and 4.9 respectively.
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Figure 4.8: Electrospray sequence for IMF solution with 40% w/w solid content at a
flow rate of 1 mL h! and applied an electric potential of 10 kV. The total time for the

sequence is 7 ms.

AAAL

—
200 pm

Figure 4.9: Electrospray sequence for IMF solution with 40% w/w solid content at a
flow rate of 1 mL h'* and applied the electric potential of 13 kV. The total time for the

sequence is 5.3 ms.
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At a flow rate of 5 mL h™* and an applied electric potential of 8 kV the characteristics
shown in Figure 4.10 were obtained. The sequence is similar to that obtained in the
electrospraying IMF solution with a solid content of 30% w/w at 8 kV. As said earlier,

such sequence is associated with the spindle mode.

1y

- s

Figure 4.10: The spindle mode electrospray sequence for IMF solution with 40% w/w
solid content at a flow rate of 5 mL h™* and applied an electric potential of 8 kV. The
total time for the sequence is 11.3 ms.

Figure 4.11 (a) and (b) shows the sequence obtained when the applied potential was
increased to 10 kV and 13 KV respectively. It was observed that the droplet formation
cycle resembled that for an applied potential of 8 kV discussed above. However, a spray
of very small droplets was observed at the apex of the meniscus (see second snapshot in
Figure 4.11 (a)). In other cases, the tip was elongated into a thin filament, sprayed at the

head, and finally collapsed into a single droplet.
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Figure 4.11: Electrospray sequence for IMF solution with 40% wi/w solid content at a
flow rate of 5 mL h'* and an applied electric potential of (a) 10 kV and (b) 13 kV. In

both case, the frequency of droplet formation was 240 droplets per second (i.e. the time

for both sequences was ~4.2 ms).

Figure 4.12 shows the sequence obtained with an increased flow rate of 10 mL h™* and
an applied potential of 8 kV. The pendant droplet starts with a rounded meniscus which
is transformed into a conical shape, and then a spray of fine droplets emerges at the tip
(not visible in the image but was noticeable in form of deposition at the charged plate).
Due to flow rate and spray mass imbalance, the droplet elongated downward, then
thinned out at a point, and eventually, a large droplet detached. The trailing end also

disintegrated into other small droplets and the sequence restarts.
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Figure 4.12: Electrospray sequence with 40% w/w IMF solutions at a flow rate of 10 mL
h! and applied the electric potential of 8 kV. The time for the sequence is ~18.7 ms.

Increasing the applied potential to 13 kV, it can be seen in Figure 4.13 the cycle starts
with a conical shape (i), followed by spraying at the tip (ii and iii) that lasts for a period
of 8 ms while spraying, the meniscus is then prolonged into a ligament (iv) that thins and
detaches at the base (v). After detachment, the ligament proceeds to form a big droplet
followed by several small droplets disintegrating from the thinned part (vi). Such
electrospray characteristics have not been observed in electrospraying of Newtonian
liquid. This diverse characteristic shows how the presence of solid content can modify

the known EHDA modes.
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Figure 4.13: Electrospray sequence with 40% w/w IMF solutions at a flow rate of 10 mL
h? and applied an electric potential of 13 kV. The spraying in i to iii lasts for ~ 8 ms
then inhibited by formation of the big ligament.

4.4.1.3 Electrospray Characteristics of IMF Solution with Solid Content 50% w/w
For the 50% w/w IMF solutions, electrospray characteristics were investigated only with
flow rates of 5 mL ht. The observed behavior and electrospray characteristics at 8 kV is
as shown in Figure 4.14. The sequence started with a conical meniscus, then elongated
downward, and due to surface tension started to neck. Consequently, an oval shaped
head with a thin filament as a tail was formed in which it breaks off. After detaching,

only the tail and the pointed tip were seen to break into small particles.
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Figure 4.14: Electrospray sequence with 50% w/w IMF solutions at a flow rate of 5 mL

h™! and applied an electric potential of 8 kV. Time for the sequence is 0.5 s.

When an applied potential was increased to 13 kV see Figure 4.15, the hanging droplet
was transformed into a conical shape (i). In this case, parcels or particles were seen to be
stripped off from the tip (iii). The tip was observed to lengthen at the tip, forming a thin
liquid filament (v). The filament was observed to undergo horizontal oscillations that
resulted in the filament breaking to small pieces (iv) and the cycle started.
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Figure 4.15: Electrospray sequence with 50% w/w IMF solutions at a flow rate of 10 mL
h™ and applied an electric potential of 13 kV. The ligament was observed to reappear

after a period 0.44 s.

The above described behavior and characteristics can only be associated with the
solution having high solid content, which led to entanglement of powder particles as the
solution flow. However, this entanglement is different from the observed characteristic
exhibited in electrospraying of polymer solutions in a technique known as electro-

spinning (Reneker and Yarin, 2008).

In general, it can be observed that in the dripping regime the presence of powder affects
the observation and realization of EHDA modes. And the effect is more pronounced in
solution with high solid content. This is an indication that in the process which requires
a higher throughput the EHDA cannot be operated in the dripping regime. Considering
that the ultimate goal for this work is to provide characteristics necessary for industrial

use, a study for electrospray at the jetting regime is presented next.
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4.4.2 Electrospray Characteristics in the Jetting Regime

This section presents the spray characteristics of IMF solutions with solid content 10%,
20%, 30%, 40%, and 50% wi/w. The investigations were carried using flow rates of 500,
520 and 550 mL h! and an applied potential was varied from 0 to 17 kV for each flow.
All the experiments involving electrospraying of IMF solution with 10% w/w to 50%

w/w, a nozzle with ID = 0.51 mm and O.D = 0.82 mm was used.

4.4.2.1 Electrospray Characteristics of 10% w/w IMF Solutions

Figure 4.16 below shows snapshots of break up processes at different electric potentials
for 10% w/w IMF solutions operated at a flow rate of 500 mL h™. From the images it
can be observed that the jets for the uncharged situation (0 kV) and 9 kV undergo
varicose break up while for 11 kV and 15 kV undergo whipping break-up.

0kV 9kV ! 15 kV

u } \
‘ i
. 4 [ A o ! b SN

Figure 4.16: Snapshots showing droplet formation processes at different applied

potential using 10% w/w IMF solution at a flow rate of 500 mL h™.,
During movie analyses, more characteristics were observed in each situation with regard

to the droplet formation process. At 0 kV, it was observed that three categories of

droplet size were generated during the jet break up process. From Figure 4.17 (i) the
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droplet labeled (a) is attributed to the main droplet in which its size is approximately
twice the inner diameter of the nozzle. In the same caption, the hanging droplet (b) is
about to pinch off and a development of incoming droplet. But, in (ii), it can be observed
that the hanging droplet opens up before pinching off and swallows the incoming
droplet. The two droplets merge as they pinch off from the jet (iii and iv). They
eventually collapse into a single droplet as in (v). In such a scenario, the droplet formed
has a volume that is twice that of the main droplet. In addition, coalescence of two
primary droplets after breaking off was observed and also resulted into a big droplet. In
other instances, it was seen that three droplets could merge to form a big droplet before
breaking off from the jet. Then, the formed droplet would have a volume which is thrice

that of the main droplet.

i) ii) iii) iv) v)

® - ‘ ._

. 1 mm
i -

Figure 4.17: Droplet formation at 0 kV with 10% w/w IMF solution. The flow rate is
500 mL h',

According to Shinjo and Umemura (2010), the generation of main droplets happens as a
result of the downward growth of unstable long wave that is created at the nozzle exit
while the swallowing of the incoming droplet is caused by an upward propagation of

short capillary wave created by contraction of the tip after a droplet pinch-off.
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The third category of droplets is small droplets, d, in Figure 4.18. These droplets were
formed from a contraction of a filament connecting two big droplets as shown in

sequence i to ii.

i) i) iii)

® w °
- N

Figure 4.18: Formation of satellite droplet at 0 kV with 10% w/w IMF solution. The
flow rate is 500 mL h,

Upon applying an electric potential of 9 kV, the spray contained the main droplets, big
droplets, and satellite. However, there was a minimal coalescence of droplets. Such
occurrence is attributed to the charged droplets produced during atomization (Agostinho
etal., 2012).

At 11 kV, the jet developed a whipping motion. During the whipping motion, a liquid

filament could form between two successful droplets [see Figure 4.19 (i and ii)]. Then
both the leading droplet and the filament break off from the jet (iii). Where the droplet
either forms a single droplet or sprays small droplets, while the filament breaks up into

many small droplets of different sizes (iv).
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i) iv)

Figure 4.19: Jet breaks up process and droplets formation at 11 kV with a flow rate of

500 mL h* using 10% w/w IMF solution.

At 15 kV, compared to the case for 11 kV, the whipping motion was violent in that the

jet tends to shorten and thins out at the leading tip see Figure 4.20 (i). Then, during

whipping motion, the thinned part of the jet breaks off as a whole to form a ligament (ii

and iii). The ligament proceeds to disintegrate into small droplets of different sizes

through a varicose break-up (iv).

2mm

Figure 4.20: Jet break up process and droplets formation at 15 kV with a flow rate of

500 mL h* using 10% w/w IMF solution.

51



In the literature, most works have identified such characteristics of the breaking up
process. For instance, in the dissertation of Hartman (1998), established a production of
droplets with different sizes during the breakup process. The droplets were categorized
into the main droplets, the secondary droplets, and the satellite droplets, whereby both
the secondary and satellite droplets were formed from a liquid filament connecting the
main droplets. Thus, the secondary droplets were smaller than the main droplets but

bigger than the satellite droplets.

The droplets size distribution generated for the 10% w/w solution, corresponding to the
above-mentioned conditions are shown in Figure 4.21. From the figure, at 0 kV, there
are four distinct peaks which represent main droplets located at1.1 mm, big droplets at
1.4 mm and 1.6 mm, and the satellite droplets peak at 0.4 mm. This corresponds to the
observation made from the movies of the breaking process. In that, the position of the
main droplets equals twice the inner nozzle diameter (i.e. 0.51 mm). While the position
of the big droplets peaks corresponded to the diameter of droplets with double or triple

the volume of the main droplets (referred as doubles and triples respectively).

Upon applying an electric potential, several observations were drawn from the
distribution curves with regard to the influence of applied electric potential. At 9 kV, the
main peak remained constant and there was a tendency to reduce the generation of
doubles and triple. From the movie analyses, it was noted that the satellite droplets were
deflected off the axis by the main droplets and the interaction of charged droplets led to
few droplets coalescing causing droplet segregation. This phenomenon is among the

advantage of EHDA in atomization of liquids.

At 11 kV, the droplet size distribution is broad. This is expected since in break up

process, most big droplets with different sizes were formed as the jet was displaced from
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the axis-symmetric position. The small droplets resulted from the spraying of the big
droplets and fragmentation of the liquid filaments. Hartman (1998) observed that the
size distribution can be used to tell the breakup process of the jet. At this applied electric

potential, it represents the initial characteristic of whipping break up.

At 15 kV, the size distribution becomes broad and skewed to the right. The explanation
of this can be drawn from the images of the breaking process. The radial fluctuation of
the jet was much wide resulting to the jet breaking off as a ligament. The ligament
further disintegrated into small droplets of different sizes. From the spectra of 15 kV (at
Figure 4.21), it can be noted that the modal size is located at 0.3 mm. However, cross-
checking in movies, it was found that the modal class ought to be in the range of 0.4 to
0.6 mm. The reason behind this was that the analyses software (Image J) recorded the
diameter of the ligaments produced during whipping motion (i.e. ligaments diameter
measured 0.3 mm). Another aspect noted from the movie is that very small droplets (less
than 10 um) were generated though not counted due to color thresholding of the images

during analyses while eliminating the noise introduced by the strobe light.

53



10% w/w (500 mL h1)
50
e () KV
40 =LY
< 11kV
5 o 30 o
g & bl senen 15KV
== 319
Z38 20 +——2—
5] : °
o : 4 :
10 :. ) TN
: IK* \y
: ) \'o.
o L NN j | W\
0 0.5 1 15 2 2.5

Droplet size (mm)
Figure 4.21: Droplets size distribution curves for 10% w/w IMF solution at different

electric potential operated at 500 mL h™.

When the flow rate was increased to 520 mL h™* and 550 mL h, similar physical
characteristics were observed with respect to breaking process as discussed for 500 mL
ht. The droplet formation under varicose break up was observed at 0 to 10.8 kV and due

to whipping break up it was realized for applied electric potential above 10.8 kV.
Therefore, the size distribution of the generated droplets at 0 kV, 9 kV, 11 kV, and 15

kV are shown in Figure 4.22.
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In both flow rates, the spectra for 0 kV had well-defined peaks of the main droplets and
the satellite droplets. A close look revealed a hump in each case positioned to the right
of the main peak. This was an indication of the presence of doubles or triples that are,
however, few in this case. Such an observation can be attributed to the fact that at
increased flow rate the jet radius is expected to reduce resulting in relatively smaller

droplets.

At 9 kV, the spectrum shows the presence of the main droplets, doubles and the satellite
droplets. Also, was noted that the position of the main droplets peak remained constant
while the distribution was constricted toward the center. The resultant was a narrow span
of the distribution compared to that for 0 kV. This indicated that, in both flows, the
application of an electric potential led to the dominance of a single wavelength.
According to the literature, the electric stress tends to reduce the jet radius (Hartman et
al., 2000) and as a consequence the wavelength of the dominant disturbance shortens

generating smaller droplets (Agostinho et al., 2012).

At 11 kV, the droplets size is bimodal with a broad distribution. It was clear from the
obtained images that the spray comprised big droplets of different sizes and small

droplets as a result of whipping motion of the jet.

At 15 kV, in both cases, a broad distribution was obtained which is a characteristic of
whipping break up. As stated earlier, the modal class shown in the distribution curve
(i.e. 0.3 mm) comprised a number of droplets and diameter of the ligament, increasing

the number in this size.
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Figure 4.22: Showing the droplets size distribution for 10% w/w IMF solution at

different electric potential operated at 520 mL h* (above) and 550 mL h'* (below).
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In an effort to quantify the influence of an applied potential on the droplet size
distribution especially in determining mono-dispersed spray, most studies in
electrospray utilize relative standard deviation (RSD). Some examples include the works
of Agostinho et al. (2013), Loscertales et al. (2002), and Tang and Gomez (1995) among
others. Therefore, the RSD was evaluated to determine the tendency of droplets size

generated at the three flow rates and the effect of applied potential and shown below.
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Figure 4.23: Relative standard deviation of droplet size generated at a different flow rate

at each applied potential for 10% w/w IMF solution.

Figure 4.23 showed that in each flow rate the droplets size distribution at 0 kV and 9 kV
presents a relatively similar distribution with an RSD of approximate 0.25 and below. In
the literature, distributions with RSD less than 0.2 are considered to be mono-dispersed
spays (Agostinho et al., 2012). Therefore, the distributions for 0 kV and 9 kV at 520 mL
h can be considered to have mono-dispersed droplets. In the case spray of 11 kV and
15 kV, the distributions are broad giving an RSD greater than 4. This is in line with the
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study of Agostinho et al. (2012), in which they found that whipping break up resulted in
a higher RSD.

4.4.2.2 Electrospray Characteristics of 20% w/w IMF Solutions
As shown in Figure 4.24 below, the droplet formation mechanism at 0 kV to 9 kV was

due to varicose break up and that for 11 kV and 15 kV was due to whipping breakup.
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Figure 4.24: Snapshots showing droplet formation processes at different applied

potential using 20% w/w IMF solution with a flow rate of 500 mL h.

As discussed in case of 10% wi/w solutions with regard to breaking processes, the movie
analyses for this solution also showed that the spray comprised the main droplets,
doubles, triples, and the satellite droplets. However, there was a peculiar characteristic
observed for the 20% wi/w solution. The droplets had pronounced deformations, in that,
they deformed into prolate and oblate spheroids as they progressed downward.
Considering the size quantification for this work was carried using Feret’s diameter,
such movement affected the shape of size distributions. This is because the Feret’s

diameter gives the particle size along the defined reference line (Hinds 1999). In our
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case, the reference was the outer diameter of the nozzle (oriented horizontally). Another
possible way was to quantify the size using the equivalent diameter of the projected area

(Hinds, 1999), however, almost a similar distribution was obtained.

Figure 4.25 presents size distribution curves for 500 mL h*, 520 mL h'%, and 550 mL h*
at different applied potential. Starting with the size distribution for 500 mL h, the 0 kV
spectrum has three modes with the first mode positioned at 1.1 mm, and it is attributed
to the main droplets, the second mode positioned at 1.4 mm and attributed to doubles,
and the third mode at 1.8 mm that represent four droplets merging together. In the
movies analyses, satellite droplets of size 0.5 mm were present in the spray, though they

are not depicted in the distribution.

At 9 kV, the spectrum has the peak associated two peaks, one that attributed to the main
droplets and a small peak associated with satellite droplets. It can be noted that the main
droplet peak trails to the right and shifts to the left to 1.0 mm. The trailing is an
indication that the spray comprised doubles and triples droplets which correspond to the
movies. The shifting to the left is attributed to the effect of electric stress in the reduction

of droplet size as explained earlier.

At 11 kV, the distribution assumes more or less a broadened mono-distribution, though
compromised by the small peak to the left. It was clear from the movies that a broad size
of droplets was generated during the oscillation of the jet. Also unlike the case of 10%
wi/w, it was observed that now and then a ligament between the leading droplet and the

tip of the jet collapsed into a small single droplet.
At 15 kV, the breakup mechanism resembled that of 10% w/w IMF solution. Therefore,

the spray consisted of more small droplets and a few big droplets. Similarly, the

ligaments' diameter introduced an additional number to the droplets sizes.
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At an increased flow rate of 520 mL h and 550 mL ht it is evident that the droplets
generated in the case of 0 kV can still be categorized into the main droplets (at 1.1 mm),
doubles (1.4 mm), triples (1.6 mm) and the satellite droplets (~0.5 mm). From the movie
analyses, it was observed that most droplets coalesce after breaking especially when a
big droplet pinched from the jet.

At 9k, the distribution is more or less similar to the case of 500 mL h™. The main peak
trails to the right and there is the presence of a peak associated to the satellite droplet.
The only discernible difference is the position of the main peak. However, the effect of

the applied potential tends to reduce the size of the generated droplets.

At 11 kV, the breakup process is as discussed for 500 mL h; thus, it shows a similar
distribution. In which the main peak represents a broad size distribution with the mode
positioned at 1.1 mm while the small peak to the left represents small droplets generated
with its mode at 0.4 mm. At 15 kV, the applied potential had resulted into a wide
distribution, a characteristic of whipping break-up.
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Figure 4.25: Different droplets size distribution curves for 20% w/w IMF solution at
different electric potential operated at 500 mL h (above), 520 mL h* (middle), and 550

mL h* (below).
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In order to quantify the droplets size distributions for 20% w/w IMF solution at the three
flow rate, Figure 4.26 presents the RSD at each applied potential. The figure shows that
for each flow rate the uncharged spray generated more or less mono-dispersed droplets.
In each case, upon application of the electric potential, the RSD increased with an
increase in applied potential. Therefore, this indicated that the spray for charged jets

produced a poly dispersed spray.

0.9

7] 500 mL/h
[ 520 mL/h
7 550 mL/h

0.8

n

c 0.7

0.6

d deviati

< 05

da

04
[%2]

0.3

lative

¢ 0.2

R

0.1 +

0 9 11 15
Applied electric potential (kV)

Figure 4.26: Relative standard deviation of droplet size generated at a different flow rate

at each applied potential for 20% w/w IMF solution.
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4.4.2.3 Electrospray Characteristics of 30% w/w IMF Solutions

Figure 4.27 shows droplets formation at the different applied potential for 30% w/w IMF
solution operated at 500 mL h%. In this case, the droplet formation at 0 kV and 9 kV was
due to varicose breakup and that for 11 kV and 15 kV whipping break up. In addition,
the breaking up processes at each applied potential showed characteristics that were

discussed earlier in section 4.4.2.1.
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Figure 4.27: Snapshots showing droplet formation processes at different applied

potential using 30% w/w IMF solution with a flow rate of 500 mL h'.

Figures 4.28, 4.29, and 4.30 are size distribution curves for 500 mL h', 520 mL h* and

550 mL h! respectively. Looking across them it was noticed that the main droplets peak
was positioned at 1.1mm for 500 mL h™* and 520 mL h%, but positioned to the left at 1.0
mm for 550 mL h. The distributions also show the presence of doubles and triples, but

the satellite droplets were only observed in 550 mL h,
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Upon application of an electric potential, it was observed that at 9 kV the three
distributions assume a normal distribution. Notably, the position of main peak for both
500 mL h and 550 mL h! shifts to the left but, that for 520 mL h remained constant
with a narrow span. These two situations show production of smaller main droplets than
their respective 0 kV situation as discussed earlier in section 4.4.2.1.

Further increase of applied potential to 11 kV and 15 kV the effect was the production of
droplets with a wide spectrum, where, the width increased with increase in applied

potential.
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Figure 4.28: Showing different droplets size distribution curves for 30% w/w IMF

solution at different electric potential operated at 500 mL h*
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Figure 4.29: Showing different droplets size distribution curves for 30% w/w IMF

solution at different electric potential operated at 520 mL h™.
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Figure 4.30: Showing different droplets size distribution curves for 30% w/w IMF

solution at different electric potential operated at 550 mL h™.
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Figure 4.31 shows the RSD of the size distribution obtained at the three flow rates at
different applied electric potential. In this case, it was seen that the sprays for 9 kV
comprised monodispersed droplets. This was also depicted in their size distribution
curves. This shows that the application of the electric potential reduced the formation of
upward short waves generated by the pinching of a droplet. The onset of whipping

break-up at 11 kV resulted in a broad distribution which widens even more at 15 kV.
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Figure 4.31: Relative standard deviation of droplet size generated at a different flow rate

at each applied potential for 30% w/w IMF solution.
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4.4.2.1 Electrospray Characteristics of 40% w/w IMF Solutions
Figure 4.32 is the physical appearance of droplet formation mechanism for 40% w/w

IMF solution at different potential when operated at 500 mL h.
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Figure 4.32: Snapshots showing droplet formation processes at different applied
potential using 40% w/w IMF solution with a flow rate of 500 mL h.

Figure 4.33 shows the size distribution obtained at the different applied potential for the
three flow rates (i.e. 500, 520 and 550 mL h). As it can be seen, at 0 kV, the generated
droplets are primarily the main droplets and the big droplets. With the current solution,
there was the presence of the satellite droplets but they were not that pronounced
compared to the 10% w/w and 20% w/w solutions. Like in 30% w/w, the position of the
peak associated with the main droplets remains almost equal at 1.2 mm in 500 mL h
and 520 mL h and also positioned left at 1.1 mm for 550 mL h™. A comparison to the
previous solutions, the results indicates production of larger droplets using 40% wi/w
solution with 500 mL h'* and 520 mL h.
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At 9 kV, a normal size distribution was obtained in the case of 500 mL h™* and 550 mL

h-1 while three modes in case of 520 mL h™* were obtained.

In the case of 11 kV, the size distribution shows a broad bimodal distribution. The mode
to the right was attributed to big droplets while that to the left was attributed to the
small-sized droplet. Considering that the breakup process was due to whipping, it was

not possible to categorize the droplets as done in 9 kV.

At 15 kV, the droplets generated took the form of a wide distribution which is a

characteristic of whipping break up.
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Figure 4.33: Different droplets size distribution curves for 40% w/w IMF solution at
different electric potential operated at 500 mL h* (above), 520 mL h™* (middle), and 550
mL ht (below).
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The quantification on the effect of applied potential on the droplet size by use of RSD is
shown in Figure 4.34. The results show that the uncharged spray had rather
monodispersed droplets. Application of an applied potential of 9 kV resulted to decrease
in RSD in particular for 500 mL h™* and 550 mL h. Further increase of an applied
potential led to the production of polydispersed droplets.

[F] 500 mL/h
[ 520 mL/h
[] 550 mL/h

S 0.
0.1 %
) -
0 9 11 15
Applied electric potential (kV)

Figure 4.34: Relative standard deviation of droplet size generated at a different flow rate

at each applied potential for 40% w/w IMF solution.

4.4.2.2 Electrospray Characteristics of 50% w/w IMF Solutions

Figure 4.35 shows the physical appearance for 50% IMF solutions at a different
potential with a flow rate of 500 mL h™L. It was noted that with the 50% w/w IMF
solutions, the droplet formation at 0 kV and 9 kV was due to varicose break-up, at 11 kV
due to whipping, and at 15 kV break up of a ligament through whipping that

disintegrated into droplets through a varicose breakup. Consequently, from the movies,
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it was noted that for the same flow rate, the 50% w/w jets had breakup length longer
than that of 10%, 20%, 30% and 40% w/w.
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Figure 4.35: Snapshots showing droplet formation processes at different applied
potential using 50% w/w IMF solution with a flow rate of 500 mL h.

Figure 4.36 shows the droplet size distribution at for 0 kV, 9 kV and 11 kV. For this
solution, the analyses for 15 kV posed a challenge since the whipping was so violent that
the generated droplets were out of focus on the microscopic lens. By using the wide
view lens, the results only gave an indication of jet break up process and was not

possible to quantify generated size (see Figure 4.37).

From the three graphs in Figure 4.36, the profile of the generated droplets at 0 kV was
multimodal. The main peak was positioned at 1.5 mm, 1.6 mm, and 1.7 mm for 500 mL
h*, 520 mL h %, and 550 mL h respectively. From the movies, it was observed that the
peaks to the right of the main peak resulted from the hanging droplet swallowing an
incoming droplet. The incoming droplets were seen to vary in size. For instance, in the

graph of 500 mL ht, the peak positioned at 1.9 mm represented doubles (i.e. droplets
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with volume twice that of the main droplet). The generation of a wide range of droplets

shows that the solution poses a unique characteristic.

On application of an electric potential, at 9 kV, there was a tendency to reduce the
polydispersion of the droplets. For 500 and 520 mL h, the distribution assumed a
bimodal distribution in which the big peaks represented main droplets and small peaks
the satellite droplets. For 550 mL h, the spectra assumed a normal distribution, and

looking at the movies the few small and big droplets were observed.

At 11 kV, the profiles show a bimodal distribution which comprises big droplets and
small droplets. From the movie analyses, it was seen that the breakup process that was as
discussed earlier in section 4.3.2.1. During the whipping motion a liquid filament was
formed in between a hanging droplet and the tip of the jet, which after detaching and
pinching off from the jet, the droplet collapsed to a single droplet and the filament
disintegrated into small droplets of different sizes. No spraying of the individual droplet

was observed in this case.
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Figure 4.36: Different droplets size distribution curves for 50% w/w IMF solution at
different electric potential operated at 500 mL h (above), 520 mL h™* (middle), and 550
mL h* (below).
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Figure 4.37: Snapshot taken with a wide lens showing droplets formation at 15 kV for
50% w/w with a flow rate 520 mL h™.,

Figure 4.38 shows the RSD of droplets obtained in each flow at different applied
potential. It can be observed that monodispersed spray was obtained at 9 kV and with
flow rates of 500 mL h™ and 550 mL h™t. From the size distribution curve, it is clear that
the presence of a wide size distribution resulted to increase in RSD.
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Figure 4.38: Relative standard deviation of droplet size generated at a different flow rate

at each applied potential for 50% w/w IMF solution.

4.4.3 The Tendency in Droplets Sizes Across the Solid Content

Having looked at the tendency for each IMF solution at a different flow rate and
different applied potential, this section draws a comparison based on solid content at
each flow rate. As noted earlier, in the analyses of movies regarding the breaking
process, different droplets with different volume were generated. As a result, these
droplets were termed as the main droplets, doubles, and triples. Another category that
was identified was the satellite droplet. Therefore, such intrinsic characteristic was found
necessary to investigate across IMF solutions with different solid content at same flow

rate.
The movie analyses for 0 kV, 9 kV, and 11 kV considered those droplets generated as a

result of jet break up and not those that formed due to coalescence. For 15 kV, the modal

sizes of the generated droplets from a breaking ligament were considered. For that
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reason, the main droplets were selected to draw the comparison across the variant IMF

solutions and the presence of the other categories of droplets was indicated.

Figure 4.39 shows a comparison of the main droplets obtained at a different applied
potential with a flow rate of 500 mL h for different solid content. Along with, it is a
key showing the other categories present in the spray at different applied potential. It
was observed that in the uncharged situation, the solutions with 10%, 20%, and 30%
w/w generated primary droplets of size 1.1 mm, those with 40% w/w generated primary
droplets of size 1.2 mm and with 50% w/w generated primary droplets of size 1.7 mm.

In all the solutions there was the presence of doubles, triples and satellite droplets.

On applying the electric potential of 9 kV, there was a minimal size reduction for 10 to
40% wi/w solution, but a big change was noted for 50% wi/w solution. The applied
potential also minimized the production of doubles and triples while satellite droplets
were observed in all the solutions. By increasing the applied potential to 11 kV, the size
of the droplets breaking from the jet remains more or less constant. It is plausible to state
that there was the production of small droplets which could not be referred as satellite
and big droplets which could not be categorized as doubles or triples since they formed
through the breaking of a ligament. Further, an increase of applied potential to 15 kV led

to a tremendous decrease in droplet size for all solid content.
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Figure 4.39: Showing primary droplets and other generated droplets for different solid

content at a flow rate of 500 mL h.

As it can be seen in Figure 4.40 and 4.41, at an increased flow rate had the overall effect
of an applied potential in the generation of the small size of droplets. Also, all doubles
and triples vanish at 11 kV. Because of large number of small droplets, it was not

possible to differentiate them with satellite droplets.
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Figure 4.40: Showing primary droplets and other generated droplets for different solid
content at a flow rate of 520 mL h.
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Figure 4.41: Showing primary droplets and other generated droplets for different solid
content at a flow rate of 550 mL h'.

78



4.4.4 Droplet Spatial Distribution

In addition to the production of small droplets, another effect of the applied potential in
electrospray is the spray dispersion. This is attributed to the production of charged
droplets in which the action of an electric field force and Coulombic interaction causes
the droplets to repel that lead to spray dispersion. Such aspect is necessary during the
design for an evaporator during the spray drying process. In all IMF solutions used, by
increasing the applied potential droplets dispersion was eminent see Figure 4.42 (i), (ii)
and (iii). The set of images (i) were obtained with 20% wi/w, ii) with 40% w/w and iii)
with 50% w/w all operated at a flow rate of 520 mL h™. The images for 0 kV are a single
frame from the respective movies while those for 6 to 15 kV were obtained by stacking

together 200 frames.
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Figure 4.42: Showing droplets dispersion at different potentials and at a flow rate of 520
mL h* for different solid content i) 20% w/w, ii) 40% w/w, and iii) 50% w/w.

Figure 4.42 shows that as the applied potential increases the droplets disperses to form a
spray envelope. Additionally, the IMF solutions with 20% and 40 % had broader spray
envelopes that those with 50% wi/w at same applied potential. At an increased applied
potential (i.e. 15 kV), the 50% w/w IMF solution presented a different spray envelope.

This was also observed for the other flow rates see Figure 4.43. The set of images a)
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shows a flow rate of 500 mL h b) a flow rate of 520 mL h™* while a set of images i), ii)
and iii) are for 30% wi/w, 40% w/w and 50% w/w IMF solutions respectively. Even
though, relatively small droplets were obtained at 15 kV, the droplets tracks show that
the droplets are uncontrollable, especially for 50% wi/w since it showed an open cone or

"umbrella effect."

Figure 4.43: Spray envelope at flow rate of 500 mL h! (a) and 520 mL h (b) for 30%
wiw (i), 40% wiw (ii) and 50% w/w at an applied potential of 15 kV.
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4.5 Application of EHDA on IMF Solution with 55% w/w Solid Content

As elucidated in the first part of this chapter regarding the rheology characterization of
IMF solutions, it was illustrated that IMF solutions with 55% wi/w solid content are a
Non-Newtonian liquid with a flow behavior described as Pseudoplastic or shear thinning
liquid. In the second part regarding electrospraying, it was shown that the IMF solutions
with solid content equal to or greater than 40% wi/w pose a challenge while
electrospraying in the dripping regime. However, with such IMF solutions, it was
possible to electrospray in the jetting regime in a mode described as the simple jet mode.
In addition, relatively small droplets were obtained in the simple jet mode with whipping
break up. Therefore, EHDA operated in the simple jet mode with whipping break up was

chosen as suitable to apply on IMF solutions with a solid content of 55% wi/w

The first part of the following section presents investigations carried out using different
nozzle geometries in search of a suitable nozzle configuration. Characteristics of the
electric field around the nozzle is modeled using COMSOL Multiphysics® 4.4.
Subsequently, using the selected nozzle which has four orifices the results on spray
characteristics obtained at different total flow rates and different applied potentials are

discussed.

4.5.1 Nozzle Configuration Investigation

The reason that prompted this investigation is that, unlike the IMF solutions with 50%
w/w and lower in which had a continuous jet while pumping through a capillary nozzle,
for 55% w/w IMF solutions parcels or ligaments were obtained instead. Therefore, upon
application of the electric field, such parcels produced particles in the range of 8mm. In
addition, a nozzle with large throughput was required since such solid content is of
interest in the industrial processing of infant powder milk production. The nozzle
development started with the serrated nozzle, a nozzle with a grooved insert and lastly a

nozzle with four orifices.
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4.5.1.1 Serrated Nozzle

The design of serrated nozzle was inspired by the works of Almekinders and Jones
(1999). In their work, they showed the use of serration to achieve a multi-nozzle as
means of achieving high throughput. In our case, the saw tooth dents were created at the
end of a capillary nozzle of ID =1.54 mm and OD = 1.83 mm. Figure 4.44 shows a
picture of the serrated nozzle design (magnification x40). The idea behind this design of
the nozzle was to obtain several jets using a single nozzle by creating points with high

electric fields using the sharp points of saw-tooth dents.

Figure 4.44: A photo of the serrated nozzle

Preliminary experiments were carried out using ethanol as a test liquid, and upon
applying an electric potential liquid jets were obtained in each dent as shown in Figure
4.45 (a). Then, using IMF solutions with 55% w/w solid content, it was observed that the
solution could not be manipulated to flow through the dents and a normal flow was
obtained as shown in Figure 4.45 (b).
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1000 pm

Figure 4.45: Ethanol electrospray jets using the serrated nozzle with a flow rate of 1 mL
h™! and an applied electric potential of 12 kV, b) IMF solution with solid content 55%

wi/w issuing from the serrated nozzle at a flow rate of 200 mL ht,

4.5.1.2 Nozzle with a Grooved Insert

Figure 4.46 shows the picture of a nozzle with a grooved insert design and a top and side
view (this is meant to aid visualization of the design for lack of a good photograph of the
design and both are not to the same scale). Six semi-circular grooves were milled on a
surface of a piece of brass rod designed in a manner that when inserted in the nozzle an
opening with an internal diameter of 250 um was formed. This design was inspired by
the observation that 55% w/w IMF solution required a physical separation during a flow.
It was expected that grooves on the surface of an insert could serve the purpose (i.e. to
obtain several jets and increase the throughput).
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Figure 4.46: A picture of a nozzle with an insert and a top and a side view (to aid

visualization).

The preliminary tests using 55% w/w IMF solution proved difficult to pump the solution
through due to clogging of the openings after some time. It was observed that the
different flows joined at the nozzle exit instead of running separately. Also, the insert

posed challenges with regard to spraying as it could detach during the run.

4.5.1.3 Single Nozzle with Four Orifices

The development of this nozzle resulted from the many tests that were carried out using
a capillary nozzle with 1.D of 0.51, 0.41, 0.33, 0.25 and 0.20 mm. These are blunt end
EFD® nozzle gauge 21, 22, 23, 25, and 27 respectively. From the tests carried out, it was
noted that the least nozzle size that could allow the solution to pass through with ease
was 330 um. It was also noted that wetting at the nozzle exit was much pronounced.
Therefore, a nozzle that could fit the existing electrospray chamber was designed and
some factors such as wetting, ease flow of the solution, pressure, and cleaning were
considered. A capillary nozzle with 1.D = 1.83 mm and O.D = 1.54 mm was fabricated
to ease flow for IMF solution and connected to four orifices that were milled on piece of

brass mimicking cows’ udder. Figure 4.47 shows photos of a single nozzle with four
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orifices. The orifices had an 1.D = 0.3 mm and separation of 2.65 mm. The orifices are
short and their tips are conically shaped to ease the flow without clogging and avoid

wetting at the nozzle exit respectively (for detailed dimensions see Appendix).

Figure 4.47: Photos showing a single nozzle with four orifices.

Figure 4.48 shows a snapshot of the nozzle in action. The size of the four jets are in the
same range with the internal diameter of the orifice.
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Figure 4.48: A snapshot of 55% w/w IMF solution jets using a single nozzle with four

orifices operated at a total flow rate of 1.6 L h'* at no potential.

With four orifices, the design was aimed at achieving a high throughput since it acts like
a multi-nozzle system. An advantage of this design compared to other multi-nozzle
designs is its simplicity, in that, only a single ring was used as a counter electrode while
other designs use several rings (i.e. Agostinho 2013; Bocanegra et al., 2005; Brouwer
2011; Mwangi 2013; Tatemoto et al., 2007). The electric field distribution of this nozzle
was investigated using Comsol Multiphysics® software and its comparison was drawn
with two configurations; a configuration of a single nozzle with a ring up (as presented
by Agostinho, 2013) and a configuration with two nozzles with a ring-up for a multi-
nozzle design as developed by Mwangi, 2013. The results are shown and discussed

below.
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4.5.1.4 Comsol Model and Electric Field Characteristics

As stated above, characteristics of the electric field for the single nozzle design with four

orifices were investigated using Comsol Multiphysics® software. A comparison was

drawn between this nozzle design and a nozzle with a ring up configuration and a multi-

nozzle design configuration as developed by Mwangi (2013). The model gave a

prediction on the magnitude of the axial and radial electric field at the nozzle tip.

Using an electrostatic (AC/DC) module, a 2D space dimension was used to represent a

cross-section of each design. The applied boundaries conditions were the same, i.e.

grounded nozzle and charged ring (-7 kV). Table 4.4 below, shows the dimensions of the

ring, nozzle and the distance between them for the three designs modeled.

Table 4.4: Dimensions of the modeled nozzles designs.

with Four orifices

1)

Design Ring diameter(cm) Nozzle diameter Nozzle to
Inner outer | thickness | (mm) plate distance
(cm)
Single nozzle 1.7 2 0.01 0.3 1.7
Multi Nozzle 1.7 2 0.01 0.3 1.7
Single Nozzle 4.8 5.4 0.05 (As per appendix | 1.7

Figure 4.49 below shows the 2D model geometry, the axial and radial electric field plots

(versus distance).
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Figure 4.49: 2D Nozzle cross section (a, b and c), axial component of the electric field
(d, e and f), the radial components of the electric field (g, h, and i) for each nozzle

design. (All data related column-wise).
From the results obtained with the model, it was found that the overall behavior of the

electric field component for all tested designs is similar. The design shows both radial

and axial components lower than the other two configurations. This is as expected, due
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to the fact that the single ring used in the new design has a much larger diameter than in
other two designs. Comparing the magnitude of the axial to the radial component on
each design, it can be seen that the magnitude of the radial component of the two designs
reduced by a factor of 10 while in the single nozzle with four orifices design both
remained almost equal. This shows azimuthal symmetry of an electric field in the single
nozzle with four orifices. This can be seen in Figure 4.50 of the 3D model simulation
carried out at two planes, one located at the nozzle tip and the other 2 mm below the
nozzle. This suggests that the spray from each orifice is subjected to similar conditions.

Hence, a similar breakup mechanism can be obtained.

3

b)

Figure 4.50: X-, Y-, and Z- electric field components at plane near the nozzle tip (a) and

b) at 2 mm down the nozzle tip (b).
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4.5.2 Electrospray Characteristics of 55% w/w IMF Solution
This section discusses the spray characteristics obtained using the single nozzle with

four orifices.

4.5.2.1 Size Distribution

The experiments reported here were carried out at different total flow rates and different
applied potentials. Here the total flow rate means the sum flow from the four orifices.
For each flow rate in the uncharged situation, the droplet formation happened in the
jetting regime and the applied electric potential was increased to a point where a
whipping break-up was obtained for the selected flow rate. For each flow rate and
applied potential droplets sizes and size distributions were evaluated. Figure 4.51 shows
frequency histograms and corresponding cumulative frequency plots for the obtained

droplet’s populations at different operational parameters.
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Figure 4.51: Frequency histograms and cumulative frequency plots for a) flow rate = 0.6
L ht and potential 18.6 kV, b) flow rate = 2.1 L h™ and potential = 19.0 kV, and c) flow
rate = 2.7 L h't and potential = 19.8 kV.
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The obtained droplets size distributions were the characteristics of a whipping break up
observed in previous section 4.4.2 with an exception of 0.6 L h%, in which a bimodal
distribution was obtained with the main peak positioned at 0.6 mm. This shows that the
droplets size was twice the nozzle diameter. From the images, the droplet formation
process was a result of whipping break-up. The whipping, in this case, took a wavy
shape. Therefore, during the motion, the liquid progressed to the leading end and then
creating a thin filament at the curved surface. This becomes the breaking point which
results in the formation of big and small droplets see Figure 4.52 (a). In the case of 2.1 L
h'and 2.7 L h'%, the increased flow rate resulted in the formation of longer and thinner
jets than in 0.6 L h'. Therefore, as jet progresses downward, the tip was observed to
spray small droplets and at some point the jet break into ligaments. Such, ligaments
proceeded to break into big and small droplets of different sizes. Figure 4.52 (b) shows a
snapshot for the case of 2.7 L h.,

Figure 4.52: Jet break up and droplet formation for a) 0.6 L h* (at 18.6 kV) and b) 2.7 L
h? (at 19.8 kV).
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The minimum size of droplet obtained is 13 pum and the maximum size is 1.9 mm. From
the cumulative curves, it can be noted that about 40-60% of the droplets population had
their size less than the nozzle diameter (i.e. 300 um). This suggested that, although
EHDA led to the generation of small droplets while using high solid non-Newtonian

liquid, their size distribution is wide.

An additional experiment was done using a flow rate of 2.7 L h™ and an applied
potential of 19.8 kV to quantify the droplet sizes for the individual nozzle tips. The tests
were conducted by simply focusing the microscopic lens on each individual nozzle and
recording high-speed movies independently. Figure 4.53 presents box plots, showing a
comparison of the droplets sizes and size distributions obtained from the four orifices
(here named as Jet). The red lines above the upper quartile are the outliers due to big
droplets size produced that could not be contained within the fence. It can be seen that
the spray characteristics obtained were more or less similar in terms of the droplets size

distribution.
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Figure 4.53: Comparison of droplet size obtained on four jets with a flow rate of 2.7 L h°

L and an applied potential of 19.8 kV.
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4.5.2.2 Spray Dispersion

Figure 4.54 shows the influence of the electric field on the spatial dispersion of the four
jets at different electric potentials and at a total flow rate of 1.7 L h't. From the figure, it
can be observed that the effect of the electric field caused the jet to repel each other.
This was an indication of a possibility for an electric potential to control the dispersion
of droplets. Such observations have been noted in the case of multi-nozzle systems by
Agostinho, 2013, Brouwer, 2011, Mwangi, 2013, and Yurteri et al., 2010.

- ‘
2mn ol ' )

Figure 4.54: Spray envelope at 0 kV (a), 7 kV (b), 10 kV (c), 13 kV (d), 15 kV (e) and
19 kV (f) operated at a flow rate of 1.7 L h.

Figure 4.55 is an image made by stacking a sequence of 200 snapshots. It shows the

droplets spatial dispersion obtained at 19 kV when operated at a total flow rate of 2.1 L
ht,
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Figure 4.55: An image stack showing droplets dispersion obtained at a flow rate of 2.1 L

h™ and an applied potential of 19 kV (solid content = 55% w/w)

The image stack shows that the jets repel each other, their break up point starts at the
same height, and the majority of droplets progresses downward along the path of the jet.
However, a number of small droplets move away from the path and barely any droplet
move to the center of the jets. This was attributed to the action of the charge created at
the center of the jets and the charged droplets. The whipping breakup of the spray
contributed to the wide spatial dispersion of small droplets, making them uncontrollable.

This aspect is one of the considerations during the design of a spray drier evaporator.
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Chapter 5

CONCLUSION AND RECOMMENDATIONS
5.1 Conclusions
The aim of this study was to investigate the intrinsic aspects of atomization by EHDA of
non-Newtonian liquids with high solid content. With regard to electrospraying of IMF
solutions in the dripping regime, the findings showed that only the spindle mode could
be obtained for IMF solutions with solid content 30% and 40% w/w. While for solid
content >40% w/w, the obtained modes could not be correlated to any of the

conventional electrospray modes.

Electrospraying in the jetting regime seemed to be effective in the simple jet mode,
which was obtained with the tested solutions (10-55% w/w). The spay characteristics
showed variant droplets that were categorized into the main droplets, doubles, triples
and satellite droplets. In addition to the recommendation of Agostinho (2013), that the
simple jet mode is suitable for the process that requires large throughput, the results
indicated that the whipping break up produced relatively small droplets compared to the
varicose break-up. Due to increased solid content, the entrapment of air in the solution
during preparation was inevitable, especially for solid content greater than 50% wi/w.
This contributed to the breaking process that generated ligaments instead of droplets as
observed in Newtonian liquids. Such feed liquids are known to affect the morphology of
the dried powder (Anandharamakrishnan, 2017). However, in the industry, the feed
liquid is deaerated in a vacuum chamber reducing such occurrence (Carlsson and
Jonnson, 2012).

The results of the spatial distribution of droplets showed that an applied potential led to

droplet dispersion that can be controlled, but for a solution >50% wi/w at high potential
(i.e. 15 kV) the spray proved to be uncontrollable. This suggests that special
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consideration needs to be undertaken in the design of an evaporator. One of the solutions

could be employing charged plates alongside the drier chamber wall.

In an effort to apply EHDA to IMF solutions with a solid content of 55% w/w (interest
in the industrial application), it led to designing and manufacturing of a nozzle with four
orifices (ID = 300 mm). This nozzle enabled attaining of a throughput of ~3 L h'. The
droplets obtained were in the range of ~13 um to ~1.9 mm. Therefore, these results
proved it difficult to obtain droplets with relatively narrow size distribution. But, based
on these results and those obtained with whipping break up for 10% to 50% w/w IMF
solution, EHDA atomization can successfully be applied to powder production,

especially when high bulk density of the products is of concern.

5.2 Future Work

1. Additional studies are necessary to use solutions with high solid content to test
the proposed EHDA system in a real- life evaporator with an aim to investigate
the properties and morphology of the powder that would be produced after spray
drying and to determine whether EHDA contribute to thermal efficiency of the
production process.

2. Since the study shows that the atomization of Non-Newtonian liquids with high
solid content using EHDA is possible, it would be important to investigate the
rheological properties that influence break-up of droplets in these liquids to
facilitate in the development of related EHDA scaling laws.
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Appendix

Dimensions and Connection of a Single Nozzle with Four Orifices
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Figure 7.1: Dimensions of a single nozzle with four orifices.
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Figure 7.2: Connections of the single nozzle with four orifices.
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