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Abstract

Nanoparticle synthesis in spray flames is a promising approach to produce nanopar-
ticles with specific properties. A liquid precursor solution, after injection, undergoes
breakup and atomization resulting in the formation of the droplets. Further, heat-
ing and evaporation of these droplets occur. The droplets may experience thermal
decomposition or puffing and possible micro-explosion, depending on the choice of the
precursor solution and the initial conditions. Finally, gas-phase combustion occurs
followed by formation of nanoparticles. It is significant to understand the different
processes experienced by the droplet under such circumstances. The precursor solution
consists of more than one liquid component. However, the thermophysical properties of
the different components constituting the precursor solution droplets are often unknown,
thus posing a major challenge to the modeling and simulation of the various processes
undergone by the droplet.

The most commonly used solvents for nanoparticle synthesis using spray flames are
alcohols such as ethanol and butanol. Further, some of the precursors like iron(III)
nitrate nonahydrate (INN), that are used to produce nanoparticles contain water
molecules. Therefore, as the first step, a zero-dimensional multicomponent droplet
evaporation model is employed in order to improve the understanding of the character-
istics of heating and evaporation of single spherically symmetric ethanol/water and
butanol/water droplets in convective air. The interior of the droplet is not physically
resolved and the convective heating and evaporation of the multicomponent droplet
is considered by extending the Abramzon and Sirignano model for single component
droplets. The numerical simulation results of the ethanol/water droplet are compared
with the experimental data. Further, the lifetime of single butanol/water droplets is
analyzed for the initial conditions of the laminar matrix burner. The matrix burner
was designed within the SPP1980 to understand the reaction kinetics of new precursor
solutions associated with nanoparticle synthesis in spray flames and thus, develop
reaction mechanisms. The gas phase simulations concerning the matrix burner assume
that the droplets are completely evaporated at the inlet of the matrix burner. Therefore,
in order to support this assumption, the droplet lifetimes are evaluated.

Next, the numerical study concerning the heating, evaporation, and possible thermal
decomposition of the precursor solution droplets of iron(III) nitrate nonahydrate and
ethanol are performed. The precursor/solvent system of INN and ethanol is used
to synthesize iron oxide nanoparticles using spray flames. There are two pathways
through which the nanoparticles may be produced from the precursor solution droplet.
In one pathway, the particle is formed inside the precursor solution droplet, whereas
in the second pathway, thermal decomposition occurs that transfers the droplet into
the gas phase, from where the nanoparticles may be generated. The numerical model
is developed to capture both these pathways. Further, the precursor solution droplet
consisting of titanium(IV) isopropoxide (TTIP) and p-xylene is considered, which is
used to produce titanium dioxide nanoparticles using spray flames. The numerical
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results of the INN/ethanol and TTIP/p-xylene droplets computed using the zero-
dimensional model are parameterized using polynomial approximations for use in
complex simulations concerning the production of nanoparticles using spray flames.
The tabulated data is provided along with a code in the C programming language to
read the data.

Finally, in order to understand the puffing and possible micro-explosion of TTIP/p-
xylene precursor solution droplets, a new one-dimensional model is developed. The
novelty of the model is that it can distinguish between puffing and micro-explosion.
The droplet heats up causing the higher volatile p-xylene to evaporate preferentially
which results in the accumulation of the lower volatile precursor, TTIP, at the surface
of the droplet and thus a liquid shell is formed that offers resistance to the process
of evaporation. Also, the higher volatile component accumulates inside the droplet
and puffing occurs once the boiling temperature of that liquid is reached. As the
pressure in the droplet interior reaches above the ambient pressure, micro-explosion of
the droplet occurs. Detailed investigation is conducted to identify the conditions for
which micro-explosion of the droplet occurs.
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Zusammenfassung

Die Nanopartikelsynthese in Sprühflammen ist ein vielversprechender Ansatz zur
Herstellung von Nanopartikeln mit spezifischen Eigenschaften. Eine flüssige Präkur-
sorlösung wird nach der Injektion aufgebrochen und zerstäubt, was zur Ausbildung
von Tröpfchen führt. Es folgt die Erhitzung und Verdampfung der Tröpfchen, wobei,
abhängig von der eingesetzten Präkursorlösung und den entsprechenden Anfangsbe-
dingungen, thermische Zersetzung, Verpuffung oder Mikroexplosion der Tröpfchen
auftreten kann. Nach der Verbrennung in der Gasphase folgt schließlich die Nanopar-
tikelbildung. Es ist wichtig die verschiedenen Prozesse, die das Tröpfchen unter diesen
Umständen durchläuft, zu verstehen. Hierbei liegt eine große Herausforderung für die
Modellierung und Simulation der Prozesse darin, dass die Präkursorlösung aus mehr
als einer flüssigen Komponente besteht und die thermophysikalischen Eigenschaften
der verschiedenen Komponenten meist nicht bekannt sind.

Die am häufigsten verwendeten Lösungsmittel für die Sprühflammensynthese von
Nanopartikeln sind Alkohole wie Ethanol oder Butanol. Zudem enthalten einige
Präkursoren die für die Nanopartikelsynthese eingesetzt werden, wie beispielsweise
Eisen(III)-Nitrat-Nonahydrat (INN), auch Wassermoleküle. Daher wird als erster
Schritt ein nulldimensionales Multikomponenten-Tröpfchenverdampfungsmodell ver-
wendet um die Eigenschaften der Erhitzung und Verdampfung von einzelnen, kugel-
symmetrischen Ethanol/Wasser- und Butanol/Wasser-Tröpfchen in konvektiver Luft
zu beschreiben. Das Innere des Tröpfchens wird nicht physikalisch aufgelöst und die
konvektive Erwärmung und Verdunstung des Mehrkomponententröpfchens wird durch
Erweiterung des Modells von Abramzon and Sirignano für Einkomponententröpfchen
erreicht. Die Ergebnisse der numerischen Simulation von Ethanol/Wasser-Tröpfchen
werden mit experimentellen Daten verglichen. Außerdem wird die Lebensdauer einzelner
Butanol/Wasser-Tröpfchen für die Anfangsbedingungen eines laminaren Matrixbren-
ners analysiert. Der Matrixbrenner wurde innerhalb des SPP1980 entwickelt, um die
Reaktionskinetik von neuen Vorläuferlösungen im Zusammenhang mit der Nanopar-
tikelsynthese in Sprühflammen zu verstehen und Reaktionsmechanismen zu entwickeln.
Die Gasphasensimulationen für den Matrixbrenner gehen davon aus, dass die Tröpfchen
am Einlass des Matrixbrenners vollständig verdampft sind. Um diese Annahme zu
stützen, werden daher die Tröpfchenlebensdauern ausgewertet.

Als nächstes wird eine numerische Studie zur Erwärmung, Verdampfung und
möglichen thermischen Zersetzung der Tröpfchen der Präkursorlösung aus Eisen(III)-
Nitrat-Nonahydrat und Ethanol durchgeführt. Das Präkursor/Lösungsmittelsystem
wird zur Synthese von Nanopartikeln in Sprühflammen eingesetzt. Dabei existieren
zwei Wege, über die Tröpfchen aus der Präkursorlösung hergestellt werden können. Bei
niedrigen Temperaturen werden die Partikel im Inneren des Tropfens gebildet, während
bei hohen Temperaturen eine thermische Zersetzung stattfindet, bei der die Tröpfchen
in die Gasphase überführt werden, in der dann die Nanopartikelsynthese stattfindet.
Das numerische Modell wurde entwickelt, um diese beiden Wege zu erfassen. Weiter
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wurde eine Präkursorlösung aus Titan(IV)-Isopropoxid (TTIP) und p-Xylol betrachtet,
die zur Sprühflammensynthese von Titandioxid-Nanopartikeln verwendet wird. Die
numerischen Ergebnisse der INN/Ethanol- und TTIP/p-Xylol-Tröpfchen, die mit dem
nulldimensionalen Modell berechnet wurden, werden mit polynomialen Näherungen
parametrisiert, um sie in komplexen Simulationen zur Herstellung von Nanopartikeln
mittels Sprühflammen zu verwenden. Die tabellierten Daten werden, zusammen mit
einem Code in der Programmiersprache C, zur Verarbeitung der Daten bereitgestellt.

Schließlich wird ein neues eindimensionales Modell entwickelt, um das Verpuffen und
die mögliche Mikroexplosion von TTIP/p-Xylol Präkursorösungen zu verstehen. Die
Neuheit des Modells ist, dass zwischen Verpuffung und Mikroexplosion unterschieden
werden kann. Das Tröpfchen erwärmt sich, wodurch das leichter flüchtige p-Xylol
bevorzugt verdampft, was zu einer Anreicherung des weniger flüchtigen Präkursors,
TTIP, an der Oberfläche des Tropfens führt, sodass sich eine flüssige Hülle bildet, die
dem Verdampfungsprozess Widerstand bietet. Außerdem sammelt sich die stärker
flüchtige Komponente im Inneren des Tröpfchens an und es kommt zur Verpuffung,
sobald deren Siedetemperatur erreicht ist. Wenn der Druck im Inneren des Tröpfchens
den Umgebungsdruck übersteigt, kommt es zur Mikroexplosion des Tröpfchens. Eine
detaillierte Untersuchung wird durchgeführt um die Bedingungen, die zu Mikroexplo-
sionen führen, zu identifizieren.
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Introduction

The particles which have size in the range of 1 – 100 nanometer (nm) are defined
as nanoparticles [1]. Nanoparticles exhibit properties that are different from the
larger sized particles. For instance, it is possible to shift the resonance wavelengths
by tuning the geometry of the particle which has applications in the field of trace
metal detection and molecular labeling [2]. Another example is that of zinc oxide
nanoparticles that possess the ability to block ultra violet radiation. In fact this
peculiar property of zinc oxide nanoparticles have made them a common ingredient in
sunscreen lotions [3]. Nanoparticles have applications in wide variety of fields including
agriculture, healthcare, textile, electronics, and so on. A brief overview of the different
areas of application is displayed in Fig. 1.1. Due to its various applications there is a
high demand for the production of nanoparticles with specific properties which forms a
branch of nanotechnology [3].

There are two major methods to produce nanoparticles, namely, gas flame synthesis

Figure 1.1: Various fields of application where nanoparticles are used [6].

1



2

Figure 1.2: Transmission electron microscopy images of titanium (Ti) - doped and alu-
minium (Al) - doped fumed silica nanoparticles produced via flame spray pyrolysis [11]

and flame spray pyrolysis (FSP). Gas flame synthesis is a well established process [4, 5]
to synthesize nanoparticles. The gas flame synthesis of nanoparticles involves the
generation of nanoparticles via the combustion of gases using a hot wall or plasma
furnace reactor. The nanoparticles produced using gas flame synthesis include carbon
black [7], titanium dioxide [8], and fumed silica [9]. However, there are certain
disadvantages associated with this methodology of producing nanoparticles, such as
difficulties related to generating nanoparticles without agglomeration and producing
materials consisting of more than one component [10]. The alternative approach is
synthesizing nanoparticles via spray flames which is also known as flame spray pyrolysis.

In flame spray pyrolysis, a precursor solution is injected and sprayed which results
in the formation of precursor/solvent droplets. These droplets undergo heating and
evaporation and is transformed into the gas phase. There is also the possibility that,
at higher ambient temperature regimes in the flame, the precursor solution droplets
may thermally decompose thus, transferring themselves into gaseous species. Further,
certain precursor/solvent systems, whose difference in volatility is high, experience
puffing and micro-explosion before the droplet is transformed into the gas phase. In
the gas phase, further reactions occur leading to the formation of the nanoparticles.
Thus, knowing detailed numerical simulation results with respect to the droplet is
useful for simulating more complex processes associated with flame spray synthesis of
nanoparticles, since it significantly reduces the computational time. Therefore, it is
very much important to understand the behavior of a single precursor solution droplet
in the context of flame spray pyrolysis.

There are numerous advantages of using flame spray pyrolysis to synthesize nanopar-
ticles as compared to that produced using gas phase synthesis. In flame spray pyrolysis,
it is possible to produce a wider range of particles, such as alloys. Further, it is also
possible to control the properties of the final particle that is produced. Sun et al.
[11] produced titanium and aluminum doped fumed silica using flame spray pyrolysis,
which are displayed in Fig. 1.2. They found that doping fumed silica with titanium or
aluminium reduces the surface silanol density and thus makes it safer to use in the food
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and pharmaceutical industry. Different configurations of FSP were tried out by Deli-
giannakis et al. [12] for the controlled synthesis of nanocatalysts. Deligiannakis et al.
[12] reported that flame spray pyrolysis demonstrated a huge potential for the efficient
and clean production of hydrogen at conditions of ambient temperature and pressure.
Gao et al. [13] synthesized catalysts with surface-supported isolated platinum atom
using flame spray pyrolysis. They concluded that there was significant improvement
with respect to the cost efficiency and the performance of the catalysts. The one-step
synthesis of nanocatalysts was investigated by Yuan et al. [14], where the feeding rates
of the precursor and the copper loadings were varied. The objective was to understand
the potential of cupric oxide with respect to the catalytic combustion of methane and
carbon monoxide, in order to aid in reducing the pollution emissions. Yuan et al.
[15] performed experimental and theoretical investigations to understand the effect of
bifunctional copper components on titanium dioxide, in order to optimize the efficiency
of photothermocatalysts for use in the reduction of air pollutants. The thermally
stable metal oxide-supported single-atom platinum catalysts were produced via flame
spray pyrolysis by Ding et al. [16]. They found that these catalysts displayed excellent
catalytic performance in methane partial oxidation reactions, methane combustion,
and carbon monoxide oxidation as compared to those synthesized using the conven-
tional methods. One of the main advantages of using flame spray pyrolysis to produce
nanoparticles is that it is possible to synthesize materials with specific properties. Also,
it is possible to control the purity of the final particle that is produced. Further,
there exists flexibility with respect to the experimental operating conditions [17]. In
addition, it is possible to produce nanoparticles with uniform size without making a
compromise on the crystallinity or purity of the particles. Such particles are in high
demand, especially in applications related to the medical field [18]. There are a wide
variety of applications ranging from usage in batteries, fuel cells, sensors, solar cells,
and functional pigments [18].

During the synthesis of nanoparticles, the quality of the final particles produced is
of paramount importance. For example, the efficiency of the photocatalysts generated
using flame spray pyrolysis depends highly on the final quality of the nanocrystals [19].
Teoh [19] identifies numerous challenges that have to be overcome for efficient synthesis
of functional nanoparticles via flame spray pyrolysis. One of the challenges is associated
with the energy transfer in phosphors as well as with regard to the transportation of
charges in solar cells. Another difficulty is regarding the electrons spin related to the
superconductor, magnetic, and spintronic applications. Because of the short flame
residence time at extreme conditions, flame spray pyrolysis has the the ability to yield
metastable photocatalysis and thus, holds the advantage over other more established
processes [19].

Over the years, a lot of experimental research works have been conducted focusing
on the flame spray pyrolysis. Chang et al. [20] conducted experiments to explore
the synthesis of titanium dioxide nanoparticles from a precursor solution consisting
of titanium(IV) isopropoxide and ethanol using flame spray pyrolysis. It was found
that using a lower concentration of the precursor and a higher flame temperature
enhanced the process of droplet evaporation and thus, smaller sized nanoparticles were
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formed from the chemical reactions. The complex processes during the generation
of titanium dioxide nanoparticles using the precursor/solvent system of titanium(IV)
isopropoxide/ethanol using spray flames was investigated both experimentally and
numerically by Weise et al. [21]. They analyzed the effect of the composition and the
mass flow rate of the precursor solution on the final size of the particle.

There exists numerical works concerning nanoparticle synthesis using flame spray
pyrolysis. The synthesis of nanoparticles via flame spray pyrolysis was also numerically
studied by Neto et al. [17]. In order to understand the impact of the process of
combustion concerning the precursor/solvent system on the temperature of the flame
and the evolution of the particle, seven different chemical reaction mechanisms were
employed. Further, a Eulerian-Lagrangian approach was chosen to describe the reacting
turbulent multiphase flow and the growth of the zirconium dioxide nanoparticles was
evaluated by using a mono-disperse population balance model where the effects of
coagulation and sintering were also included. The differences between the size and
the temperature of the primary particles calculated using the model and that found
from the experiment were about six and nine percent, respectively. The numerical
investigation carried out by Madero et al. [22] compared the low temperature flame spray
pyrolysis (LT-FSP) to a flame assisted spray pyrolysis system. They concluded that the
low temperature flame spray pyrolysis process provides a more uniform temperature
distribution as compared to that of the flame assisted spray pyrolysis system. Thus,
more uniform final particles are formed via the LT-FSP system.

Machine learning was used by Paulson et al. [23] to optimize the process of flame
spray pyrolysis and reported an improvement of around nineteen and twenty five
percent after five and fifteen experimental runs, respectively. Dasgupta et al. [24] com-
putationally investigated the generation of silica nanoparticles via flame spray pyrolysis
and found that the estimated the size of the particles and their distribution were in
good agreement with the experimental results. The numerical study of the formation
of zirconia primary and agglomerate nanoparticles was performed by Meierhofer et al.
[25] for a laboratory scaled flame spray pyrolysis reactor. The numerical model was
able to predict the size of the nanoparticles with an error of twenty five per cent as
compared to that of the experimental data.

Neto et al. [26] computationally studied the generation of zirconium dioxide nanopar-
ticles using the precursor solution of zirconium n-propoxide in ethanol and propanol
via flame spray pyrolysis. The error between the numerically evaluated value of the
number of primary particles per agglomerate and that found from the experimental
results acquired via the transmission electron microscopy (TEM) technique, was found
to be approximately ten percent. The numerical simulations of the synthesis of silica
nanoparticles using spray flames was performed by Dasgupta et al. [27], in a simplified
annular burner. The study investigated the breakup of the liquid spray, evaporation,
mixing, combustion, and formation of the particles. The calculated volume fraction
and particle number density were found to be in good agreement with the numerical
results reported by Rittler et al. [28].

The SpraySyn burner was designed by Schneider et al. [29] as a new standard
research burner to synthesize nanoparticles using flame spray pyrolysis, see Fig. 1.3.
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Figure 1.3: Schematic of SpraySyn burner designed by Schneider et al. [29].

The major advantages of the newly designed SpraySyn burner was that a wide variety
of precursor solution combinations was possible to be used to produce nanoparticles.
Further, the geometries and boundary conditions were well defined in such a way that
it is possible to perform numerical simulations, which was confirmed by performing
large eddy simulations, and also well accessible to conduct optical diagnostics study.

Many experimental studies have been carried out using the SpraySyn burner. Using
the phase doppler anemometry (PDA) technique, Stodt et al. [30] conducted experiments
in the SpraySyn burner [29], in order to understand the impact of the precursor
concentration on the process of evaporation. The precursor solution system of iron(III)
nitrate nonahydrate in ethanol and 2-ethylhexanoic acid (EHA) was used for the study.
They found that the evaporation rates were enhanced for the spray flames consisting
of the precursor solution as compared to the spray flames containing only the solvent.
Suleiman et al. [31] developed a new type of particle mass spectrometery known as the
atmospheric pressure particle mass spectrometery (AP-PMS) to find the distributions
of the particle size in spray flames at ambient pressure using the precursor solution
system of iron(III) nitrate nonahydrate in ethanol and 2-ethylhexanoic acid. Compared
to the conventional measurement techniques, the newly developed atmospheric pressure
particle mass spectrometery was found to be more robust to higher pressures and
particle number concentrations. Thus, AP-PMS provides an appealing option to study
the growth of particles in spray flames. Tischendorf et al. [32] used two precursor
solution combinations, namely, iron(III) nitrate nonahydrate in ethanol and iron(III)
nitrate nonahydrate in ethanol with 2-ethylhexanoic acid, to synthesize iron oxide
nanoparticles in the SpraySyn burner designed by Schneider et al. [29], to confirm if
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the addition of 2-ethylhexanoic acid to the precursor solution leads to the formation of
homogeneous particles via the gas-to-particle pathway [33]. The experimental study
found that the droplet-to-particle and the gas-to-particle routes of particle formation
may coexist. The synthesis of titanium dioxide nanoparticles using the precursor
solution of titanium(IV) isopropoxide and ethanol for a configuration similar to that of
the SpraySyn burner [29], was numerically studied by Abdelsamie et al. [34] through
direct numerical simulations (DNS) . The entire process of the nanoparticle synthesis
including the evaporation of the precursor/solvent system and the kinetics associated
with the gas phase combustion were considered in the numerical simulations.

Droplet evaporation has a significant influence on the synthesis of nanoparticles.
Kastrinaki et al. [35] conducted experimental investigation focusing on the generation
of iron and iron oxide-based particles via aerosol spray pyrolysis. They found that the
particles formed were more spherical when the iron nitrate precursor was used. Also,
employing the the chloride precursor resulted in the generated of irregularly shaped
particles. Thus, they concluded that the choice of the precursor had an impact on the
morphology of the particles. The process of droplet surface evaporation was found
to be the reason for such a behavior. The droplet evaporation occurring in the spray
pyrolysis tube was numerically investigated by Florena et al. [36]. The study employed
a droplet evaporation model with no resolution of the droplet interior. They concluded
that temperature of the reactor wall had a significant influence on the size of the final
particle whereas the rate of flow of the carrier gas did not affect the particle size.

Thus, the objective of the present study is the numerical simulation of the heating
and evaporation of droplet for various multicomponent systems. Depending on the
choice of the system and the initial conditions, other processes such as thermal decom-
position, puffing or micro-explosion may occur, which are coupled with the evaporation
process.

The dissertation is grouped into the following chapters. Details of the zero-
dimensional and one-dimensional models are presented in chapter 2. The governing
equations to describe the heating and evaporation of multicomponent droplets are
discussed. Further, the coupling of the governing equations concerning thermal decom-
position to the zero-dimensional model is presented. In addition, the modifications to
the one-dimensional model to take into account the puffing and possible micro-explosion
are discussed. Details regarding the variable thermophysical properties of various multi-
component liquid mixtures investigated in the present study are presented. Finally, the
numerical procedure is discussed to solve the respective governing equations. Chapter 3
presents the results and discussions with respect to the droplet behavior for different
multicomponent systems. The heating and evaporation characteristics of ethanol/water
droplet at atmospheric pressure along with the experimental validation are presented.
In addition, the characteristics of the evaporation of single butanol/water droplet at
low ambient pressures are discussed. Further, the precursor solution droplet consisting
of iron(III) nitrate nonahydrate and ethanol is considered, where the droplet-to-particle
and the droplet into gas phase pathways are studied in detail, including the parameter-
ization of the numerical results. The characteristics of the droplet constituting of the
precursor/solvent system of titanium(IV) isopropoxide and p-xylene along with the
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parameterization of the numerical simulation results are discussed next. Further, the
puffing and the possibility of micro-explosion of TTIP/p-xylene droplets are explored.
Finally, chapter 4 presents the summary, the major conclusions, and the possibilities
for future work.
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Mathematical Model

This section focuses on the mathematical modeling of the different characteristics of
a single multicomponent droplet. At first, the state of the art is presented. Further,
the models to describe the droplet heating and evaporation are discussed. Depending
on the liquid components constituting the droplet, the droplets may undergo thermal
decomposition, puffing or micro-explosion which are presented in subsequent subsections.
Finally, the details of the thermophysical properties of the different multicomponent
systems are discussed along with the numerical steps involved in solving the governing
equations.

2.1 State of the Art

There are various numerical studies that use different models to describe the heating
and evaporation of droplet. Different assumptions are used in the formulation of
various models. The distillation-limit model neglects the variation of the temperature
gradient inside the droplet and thus, assumes that the temperature is uniform [37].
Similarly, the rapid-mixing model considers the temporal variation of the composition
assuming that the composition within the droplet is spatially uniform [38]. Further,
the conduction-limit [39, 37] and the diffusion-limit [40, 41] models take into account
the temporal as well as the spatial variation of the temperature and the composition of
the droplet. The comparison between the distillation-limit and the conduction limit
models was performed by Kayser Jr and Bennett [42]. They found that the profiles
of the droplet temperature computed using both the models agreed to within twenty
percent of each other. Law and Law [43] developed the multicomponent analog of
the classical d2 law [44, 45] for the evaporation of a droplet consisting of octanol and
undecane. They concluded that, even though the numerical results agreed with that
found from the experiment, the model cannot be used to evaluate the profiles of the
temperature and concentration during the initial period of droplet heating. During
the formulation of the the classical d2 law, Godsave [44] employed constant physical
properties in the model. Over the years, numerous studies [46, 47, 48] have concluded
that employing variable physical properties instead of constant properties significantly
improves the computed results of the heating and evaporation of the droplet.

A numerical model was developed by Abramzon and Sirignano [49] to describe the
heating and evaporation of a single component droplet. They considered non-unitary

9
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Lewis number in the gas film as well as variable thermophysical properties. With
respect to processes associated with most practical applications, the evaporation of
a droplet takes place in a convective ambience. Hence, the convective effects were
taken in to account by using the modified Sherwood and Nusselt numbers. Also, in
order to reduce the errors of the computation, it was recommended to calculate these
numbers for a non-vaporizing droplet by using the correlations provided by Clift et al.
[50], instead of the well known correlations of Frössling [51]. In applications related
to combustion, the droplets consist of more than one liquid components. Therefore,
the single component droplet evaporation model of Abramzon and Sirignano [49] was
extended to multicomponent droplets by Brenn et al. [52]. They considered different
liquid mixtures consisting of more than three components of alkanes and alcohols. Some
of the liquid mixtures investigated had small amounts of water in order to understand
its impact on the process of evaporation. They considered the non-ideal nature of the
liquid mixture by calculating the activity coefficients using the UNIFAC method. An
experimental investigation was also conducted for single droplets evaporating in an
acoustic levitator. The results computed using the numerical model were found to be
in good agreement with that found from the experiments.

The combustion and extinction of single droplets was studied numerically by March-
ese and Dryer [53]. An one-dimensional model using detailed chemical reactions was
employed. The numerical results were compared with that of the experiments, where a
free falling single droplet was analyzed in a microgravity drop tower. The initial radius
of the droplet was varied between 125 µm and 500 µm. Also, different compositions of
the water component up to fifty percent in mass was explored. Major combustion and
ignition characteristics as well as the flame standoff distance computed using the nu-
merical simulations were compared with the experimental results. They concluded that
the liquid mass Peclet number had an influence on the droplet characteristics. Lupo
and Duwig [54] numerically studied the evaporation of a single droplet constituting of
ethanol and water, close to the azeotropic point of the mixture. The major objective of
the investigation was to explore the droplet heating and evaporation characteristics at
the composition of the droplet near and just below the azeotropic point of ethanol/water
mixture at ambient pressure. The heat and species transport of different phases were
solved. The thermophysical and transport properties used in the model vary both
with respect to the temperature as well as the composition. The characteristics of the
evaporation displayed were similar to that observed for a pure ethanol droplet, for a
major portion of the droplet lifetime. Also, they reported that only at conditions not
close to the azeotropic point of the liquid mixture, was it necessary to use the variable
liquid density. However, the numerical results presented were not validated due to the
lack of experimental data.

Zhang et al. [55] carried out the numerical study of the evaporation of a droplet
constituting of ethanol and water components under oscillatory pressure. The two film
theory using the non-ideal vapor-liquid equilibrium was employed. They found that
the lifetime of the droplet was reduced because of the oscillation of the environmental
pressure. The stability of the mixture consisting of alcohol and water for spray
combustion in an ambience of air enriched with oxygen was investigated by Yi and
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Axelbaum [56]. Both experimental as well as numerical studies were performed, which
confirmed that the ethanol evaporates preferentially as compared to that of water.
They recommended the use of the distillation-limit model in order to describe the
process of evaporation.

An important factor in the numerical simulations of the droplet evaporation char-
acteristics is the calculation of the vapor pressure. The numerical study performed
by Filho et al. [57] investigated droplets evaporating in a combustion environment,
where the major focus was on the accurate representation of the thermophysical prop-
erties of the carrier gas. The study employed various models to evaluate the vapor
pressure. It was concluded that using the Antoine or Wagner [58] equations resulted
in good agreement with the experimental results. The recent developments in the
numerical modeling with respect to the heating and evaporation characteristics of fuel
droplets was reviewed in detail by Sazhin [59]. It was found that special investiga-
tion was required to understand the evaporation of droplets consisting of complex
multicomponent systems.

There are numerical studies concerning nanoparticle synthesis using flame spray
pyrolysis, where the droplet evaporation have been considered. The numerical investi-
gation of the formation of zirconium dioxide nanoparticles from flame spray pyrolysis
was carried out by Heine and Pratsinis [60], where the objective was to understand
the interaction between the evaporation of the droplet, the process of combustion, and
the formation and growth of the particle. The droplet evaporation model proposed
by the study of Abramzon and Sirignano [49] for single component droplets is ex-
tended in order to incorporate the multicomponent droplet evaporation of the precursor
solvent system. The sectional population balance model is employed to account for
the processes of nucleation, coagulation, and sintering. The numerical results of the
distribution of the size of the particles was compared with the experimental data. With
respect to synthesis of silica nanoparticles via flame spray pyrolysis using ethanol and
hexamethyldisiloxane as the precursor solution and oxygen as the dispersion gas, large
eddy simulations were performed by Rittler et al. [28], where the major focus was
on the interaction between the process of evaporation, combustion in the gas phase,
and the production of nanoparticles. Also, the distillation-limit model was used to
describe the heating and evaporation of the precursor/solvent droplet. The evaporation
of titanium(IV) isopropoxide/hexane and titanium(IV) isopropoxide/toluene droplets
under vacuum in a pulsed-pressure chemical vapor deposition process was modeled
by Boichot and Krumdieck [61]. They employed a zero-dimensional droplet evaporation
model assuming constant liquid mixture properties except for the vapor pressure. It
was found that the kinetic of the evaporation of the precursor solution droplets was
influenced by the heat transfer and the associated thermodynamics.

There is the possibility that the precursor used for the synthesis of nanoparticles
decomposes thermally during the evaporation of the precursor solvent droplet [32, 62, 63].
However, there are only a few studies that have performed numerical investigation
concerning the coupling of the droplet evaporation and thermal decomposition processes.
A modified spray pyrolysis system was employed by Gapale et al. [64] to perform
numerical study regarding the deposition of titanium dioxide thin films on a glass
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substrate. The numerical model coupled the atomization of the precursor/solvent
system, the transportation of the droplet in the ambience, the evaporation of the
precursor solution, the decomposition, and the growth of the titanium dioxide film
in order to evaluate the final size of the particle. Widiyastuti et al. [65] performed
the numerical study of the formation of zirconia particles during spray pyrolysis by
coupling the evaporation and thermal decomposition processes. They found that for
temperatures beyond the thermal decomposition temperature, the final size of the
particle was smaller as compared to that for temperatures lower than the thermal
decomposition temperature. Thus, they concluded that both droplet evaporation and
thermal decomposition had a significant influence in determining the final particle size.

During the generation of nanoparticles using spray flames, the precursor/solvent
droplets may undergo puffing and micro-explosion in addition to the processes of heating
and evaporation [30, 66, 67]. Very few numerical investigations focus on the puffing
and micro-explosion of the precursor solvent droplets used for producing nanoparticles.
However, there are numerical studies that explore these phenomena experienced by
emulsified fuel and slurry droplets. The experimental and numerical investigation of the
puffing and micro-explosion of composite droplets such as kerosene, diesel, and rapeseed
oil/water was carried out by Fedorenko et al. [68]. The numerical model considered a
fuel/water droplet, where a water sub-droplet is located at the droplet center. The
one-dimensional heat transfer equation was solved analytically to take into account the
process of heating and the well known Abramzon-Sirignano model [49] was employed
to consider the evaporation of the fuel. The model predicted the time to puffing or
micro-explosion and it was found to be in good agreement with the experimental data.
However, the processes of puffing and micro-explosion were not well distinguished.
Baek et al. [69] performed the experimental and numerical study of the micro-explosion
of a slurry droplet consisting of n-heptane and aluminium. The one-dimensional heat
transfer equation was employed to describe the heating of the droplet whereas the
zero-dimensional model was used to consider the process of evaporation without taking
into account the effects of convection. They found that the formation of the solid
porous shell hindered the evaporation process and thus, the liquid gets heated beyond
the boiling temperature, eventually causing micro-explosion of the slurry droplet. The
time to micro-explosion computed by the numerical study for different sizes of the
droplet was found to be in good agreement with the experimental results.

The micro-explosion of the precursor/solvent droplet of tin(II) 2-ethylhexanoate/m-
xylene was studied computationally by Ren et al. [70] without taking into consideration
the process of puffing. The heat and mass transfer were described using the one-
dimensional equations and approximated thermophysical properties of the precursor
were employed. It was found that as the initial concentration of the precursor was
increased, the time to micro-explosion becomes shorter. High end optical techniques
such as interferometric particle imaging and standard rainbow refractometry were used
by Li et al. [71], to analyze the micro-explosion of single droplets during the process
of combustion. The droplet consisted of the precursor solution combination of tin(II)
2-ethylhexanoate and xylene. Additionally, in order to simulate the experimental
changes of rainbow pattern and droplet size, a multicomponent diffusion-limit model
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was employed. They found that with the increase of the initial loading of the precursor,
the accumulation of the precursor at the surface of droplet is hastened and thus,
quickening up the micro-explosion of the precursor/solvent droplet.

The governing equations of the numerical models associated with heating, evapora-
tion, thermal decomposition, puffing and micro-explosion of the droplet are presented
in detail next.

2.2 Zero-Dimensional Model

s
rd

Figure 2.1: Schematic of the
droplet of radius rd, mass evapo-
ration rate ṁ, and heat transfer
rate Ql.

The zero-dimensional model concerns the descrip-
tion of convective heating and evaporation of a
spherically symmetric droplet in a convective gas
stream at atmospheric pressure. The schematic of
the droplet is displayed in Fig. 2.1. Low droplet
Reynolds numbers up to about twenty are con-
sidered to ensure that there is neither inner re-
circulation of the droplet nor flow separation in
the wake of the droplet. Further, the Weber num-
bers are below 0.5 to make sure that no droplet
breakup would occur. The distillation-limit model
is employed to account for the droplet heating
and the rapid-mixing model is used to describe
the droplet evaporation for low thermal and mass
Peclet numbers [72], respectively. Therefore, both
constant temperature and concentrations inside
the droplet are assumed with no spatial resolution
of the droplet interior. Thus, all characteristic

variables vary only with time. The convective droplet heating and evaporation is
modeled following the previous studies of Brenn et al. [52], that is an extension of the
formulation of Abramzon and Sirignano [49] to account for multicomponent droplets.
Also, it is assumed that the droplet is spherical all the times, the solubility of air
in the liquid is negligible, mass diffusion due to temperature and pressure gradients
is negligible, the gas phase is in a quasi-steady state, the droplet evaporates in a
non-reacting inert environment, and heat transfer due to radiation is negligible [52].
The non-ideal behavior of the different liquid mixtures is considered through the use of
appropriate activity coefficients modeled using different methods. Further, the model
is extended to account for the heating and evaporation in humid air.

2.2.1 Droplet Heating

The droplet heating is described using the distillation-limit model [73], that was
extended to account for convection around the droplet by Abramzon and Sirignano
[49]. Thus, the temperature Ts at the droplet surface, s, varies with time, t, as
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mcpl
dTs

dt
= 2πrdλf Ñu ln(1 +BT)

Tg − Ts

BT

−
2∑

i=1

ṁiLv,i(Ts) ≡ Ql, (2.1)

where the Spalding heat transfer number, BT is defined as [49, 52]

BT = (1 +
2∑

i=1

YiBM,i)
ϕ − 1.0; ϕ =

cpl
cpf

S̃h

Ñu

1

Le
. (2.2)

ϕ accounts for the differences in heat and mass transfer, cpf and cpl are the specific
heat capacity in the film and of the liquid mixture, respectively, and Le denotes the
Lewis number. Equation (2.1) represents the heat transfer Ql between the gas and the
liquid phase, m is the total mass of the droplet, λf denotes the thermal conductivity of
the gas mixture in the film, Tg is the ambient gas temperature, and Lv,i(Ts) represents
the latent heat of vaporization of the component i at temperature Ts. The modified
Sherwood, S̃h, and Nusselt, Ñu, numbers are employed to account for the convective
effects in mass and heat transfer, respectively [49]. The Spalding mass transfer number
BM,i of the component i in Eq. (2.2) is defined as [52]

BM,i =
Ys,i − Y∞,i

1− Ys,i

(2.3)

In Eq. (2.3), Ys,i is the mass fraction of the component i at the surface whereas Y∞,i

denotes the mass fraction of the component i in the ambience.
The modified Sherwood, S̃h, and Nusselt, Ñu, numbers that account for the convec-

tive mass and heat transfer, respectively, are calculated as per the formulation provided
by Abramzon and Sirignano [49] as

S̃h = 2 +
Sh− 2

FM

, (2.4)

Ñu = 2 +
Nu− 2

FT

. (2.5)

For a non-vaporizing droplet, the Sherwood, Sh, and Nusselt, Nu, numbers are calcu-
lated following the correlations of Clift et al. [50] as

Sh = 1 + (1 + Re Sc)1/3f(Re), (2.6)

Nu = 1 + (1 + Re Pr)1/3f(Re). (2.7)

Here, Re denotes the Reynolds number, Sc represents the Schmidt number, and Pr is
the Prandtl number. f(Re) is a function of the Reynolds number defined as [50]

f(Re) =

{
1 if Re ≤ 1

Re0.077 if Re ≤ 400.
(2.8)

In Eqs. (2.4)-(2.5), FM and FT are the corrections factors defined as [49]
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F (BM) = (1 +BM)
0.7 ln(1 +BM)

BM

, (2.9)

F (BT) = (1 +BT)
0.7 ln(1 +BT)

BT

. (2.10)

2.2.2 Droplet Evaporation

The droplet evaporation is described by the rapid-mixing model [49], which was
extended to account for the mass evaporation rate of multicomponent droplet by Brenn
et al. [52] as

ṁ =
2∑

i=1

2πrd,iρfDf,iS̃h ln(1 +BM,i). (2.11)

In Eq. (2.11), rd,i is the radius of component i of the droplet, ρf denotes the density
of the mixture in the film, and Df,i represents the diffusivity of the component i in
the film. Note that, in case of condensation, the mass evaporation rate defined in
Eq. (2.11) may become negative. All properties in the film are evaluated using the one
third rule [74].

In the present study, the zero-dimensional model is employed to study the heating
and evaporation characteristics of ethanol/water droplets and is validated with experi-
mental results of Ma et al. [75]. Further, the model is extended to study the evaporation
of the precursor/solvent systems of iron(III) nitrate nonahydrate/ethanol and tita-
nium(IV) isopropoxide/p-xylene. In the case of iron(III) nitrate nonahydrate/ethanol
droplet, the zero-dimensional multicomponent evaporation model is coupled with the
thermal decomposition model, which is discussed next.

2.2.3 Thermal Decomposition

For the multicomponent droplet consisting of the precursor solution of iron(III) nitrate
nonahydrate (INN) and ethanol, in addition to the heating and evaporation, thermal
decomposition may occur. There exists two different pathways for the evaporation
of the precursor/solvent droplet which are displayed in the schematic of Fig. 2.2 [76],
where Td,0 is the initial droplet temperature. During the evaporation of the precursor
solution droplet, the droplet heats up and the solvent evaporates. If the droplet surface
temperature Td, attained during the evaporation process, remains below the thermal
decomposition temperature Tth, the solute is left behind in the particle phase as shown
in the left part of Fig. 2.2. Else, if the instantaneous droplet temperature is equal or
above Tth, thermal decomposition occurs transferring the precursor solution droplet
completely into the gas phase, see right part of Fig. 2.2, which is the preferred pathway
in FSP. However, there exists the possibility of particle formation via the first pathway,
especially in colder regions just after liquid injection.
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Figure 2.2: Schematic (Narasu et al. [76])
showing the two pathways for particle for-
mation from a precursor solution droplet.

For the system of INN and ethanol,
if the droplet temperature remains be-
low the thermal decomposition tempera-
ture Tth of 403 K of the INN, the solvent
evaporates leaving behind the iron(III)
nitrate particle. Once the droplet temper-
ature reaches or exceeds the thermal de-
composition temperature, the iron(III) ni-
trate thermally decomposes into iron(III)
oxide, Fe2O3, and dinitrogen pentoxide,
N2O5, transforming the precursor solution
droplet into the gas phase.

In the model, the INN is treated as
two components, iron(III) nitrate and wa-
ter. Hence, the precursor solution droplet
constitutes of three components in total,
which are iron(III) nitrate, water, and
ethanol [76, 77, 78]

Fe(NO3)3.9H2O → Fe(NO3)3 + 9H2O(l) (2.12)

H2O(l) ⇌ H2O(v) (2.13)

C2H5OH(l) → C2H5OH(v). (2.14)

There is the possibility of condensation of water due to which the reverse step is
included in Eq. (2.13). Further, the evaporation of the solvent ethanol is considered in
Eq. (2.14). The evaporation of water and ethanol is described by the zero-dimensional
model in section 2.2.

As per the studies of Gadalla and Yu [79], the reactions involving the thermal
decomposition of INN in air include

Fe(NO3)3.9H2O→Fe(NO3)3.2H2O+ 7H2O(l) (2.15)

H2O(l)→H2O(v) (2.16)

2[Fe(NO3)3.2H2O]→Fe2O3.3H2O+3N2O5+H2O(v) (2.17)

Fe2O3.3H2O→ Fe2O3 + 3H2O(v). (2.18)

However, the details regarding the kinetic reaction rates for these reactions is not pro-
vided by Gadalla and Yu [79]. The reaction kinetic data for the thermal decomposition
of INN in an ambience of nitrogen is given by Mu and Perlmutter [80]. Also, Mu and
Perlmutter [80] observe that the decomposition of INN into Fe(NO3)3 starts at 305 K
and that of Fe(NO3)3 into Fe2O3 starts at 403 K for which the reaction kinetic data are
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provided. However, there is no reaction mechanism proposed by Mu and Perlmutter
[80] for the thermal decomposition of INN.

Thus, to conclude the reaction in Eq. (2.19) may be added to the reactions in
Eqs. (2.12)-(2.14) to complete the global reaction of INN into the gas phase.

2 Fe(NO3)3 → Fe2O3 + 3N2O5 (2.19)

Equations (2.12)-(2.14) stand for the evaporation of water and ethanol. If the ther-
mal decomposition temperature of 403 K is breached, the iron(III) nitrate decomposes
as per the reaction (2.19) for which the reaction rate is given in terms of α

α = 1− YIN,t

YIN,0

, (2.20)

where YIN,t denotes the mass fraction of iron(III) nitrate at time t and YIN,0 represents
the initial mass fraction of iron(III) nitrate. Note that, in Eq. (2.20), the final mass of
iron(III) nitrate [80] is assumed to be zero.

The time derivative of α yields [80]

dα

dt
= kth(1− α)n (2.21)

where kth is the kinetic rate constant of the thermal decomposition given by

kth = k0e
−E/(RT ). (2.22)

The pre-exponential factor k0 in Eq. (2.22) equals 2.60 1044 s−1, the activation
energy E is 376.97 kJ/mol, R denotes the universal gas constant, and T represents the
temperature. The reaction order in Eq. (2.21) is given by n = 2/3 [80].

2.3 One-Dimensional Model

For the multicomponent droplet consisting of the precursor/solvent system of tita-
nium(IV) isopropoxide (TTIP) and p-xylene, heating and evaporation is followed by
the occurrence of puffing and possible micro-explosion.

The different stages that a multicomponent droplet goes through until the occurrence
of micro-explosion is depicted in Fig. 2.3a. Fig. 2.3b shows the schematic of a droplet
for a multicomponent system where δ is the liquid shell thickness, Ts represents the
droplet surface temperature, Ys,h denotes the mass fraction of the higher volatile species,
and Ys,l is the mass fraction of lower volatile component, at the droplet surface inside
the droplet. Previous studies of Grosshans et al. [82] and Nešić and Vodnik [83], related
to the formation of solid layer in droplets during the processes of spray drying, provide
the motivation for the present work.

Initially, the droplet heats up due to the heat transfer between the ambience and the
droplet, that results in droplet expansion. This is shown by stage I in Fig. 2.3a. Next,
the higher volatile component evaporates preferentially that causes the decrease in the
mass fraction of the higher volatile component and also, increase in the mass fraction
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(a) Different stages related to puffing
and micro-explosion, with respect to the
droplet surface temperature Ts.

(b) Schematic showing the mass frac-
tions of the lower, Ys,l, and higher,
Ys,h, volatile components.

Figure 2.3: Schematic showing the puffing and micro-explosion model (Narasu and
Gutheil [81]).

of the lower volatile species, which is called as the quasi-steady evaporation phase,
depicted by stage II. Thus, the lower volatile species accumulates at the surface of the
droplet that causes the liquid shell formation which hinders the process of evaporation,
this is stage III. Figure 2.3b displays the third stage of the process.

The heating and evaporation at the droplet surface is hindered due to the formation
of the liquid shell that results in the accumulation of the lower volatile species inside
the droplet near to the liquid shell. At this position, as the boiling temperature of the
higher volatile component is attained, the puffing of the droplet occurs. The liquid
shell opens up during each puff, releasing mass. As the temperature reduces below
the boiling temperature of the higher volatile species, the liquid shell forms again.
This process continues resulting in the occurrence of several puffs, which is depicted
by stage IV. Further, micro-explosion of the droplet occurs if the pressure inside the
droplet increases beyond the ambient pressure, which represents stage V. It is to be
noted that there is the possibility that puffing continues without the occurrence of
droplet micro-explosion.

In order to describe the puffing and micro-explosion of the precursor solution
droplets, the one-dimensional model is employed, which is discussed next.

The one-dimensional model focuses on the description of the convective heating and
evaporation characteristics of a spherically symmetric droplet at atmospheric pressure
in a hot convective ambience. To make sure that there is no inner circulation within
the droplet and no flow separation occurs in the wake of the droplet, droplet Reynolds
numbers up to twenty are considered. The conduction-limit and the diffusion-limit
models are used to describe the droplet heating and evaporation, respectively. Thus,
the droplet interior is spatially resolved providing with the details of the temporal
and spatial variations of the temperature and species mass fractions inside the droplet.
Taking motivation from the previous works of Grosshans et al. [82] and Nešić and
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Vodnik [83], with respect to the formation of solid layer in droplets during the processes
of spray drying, the one-dimensional droplet heating and evaporation model is modified
to incorporate puffing and micro-explosion. The basic assumptions include that droplet
remains spherical at all the times, the gas phase is in a quasi-steady state, the solubility
of air in the liquid is negligible, the droplet evaporates in an ambience of non-reacting
inert environment, and heat transfer caused due to the radiation is negligible [52].
Through the use of appropriate activity coefficients, which are modeled using the non-
random two-liquid (NRTL) method [84], the non-ideal nature of the liquid components
is taken into account.

2.3.1 Droplet Heating

The droplet heating is described using the conduction-limit model, where the equation
for thermal conduction is given by

∂

∂t
(r2ρlcplT ) =

∂

∂r
(r2λl

∂T

∂r
), (2.23)

where r denotes the radial coordinate ranging from zero to the radius of the droplet rd.
T represents the liquid temperature, ρl, cpl, and λl are the liquid density, specific heat
capacity, and the thermal conductivity of the liquid mixture, respectively.

Initially, at time t = 0 s, the droplet is at uniform temperature

T |t=0 = Tl,0. (2.24)

Also, at the center of the droplet, r = 0 m, the zero gradient condition is applied

∂T

∂r

∣∣∣∣
r=0

= 0. (2.25)

The boundary condition representing the energy balance at the surface s of the
droplet is given by

4πr2
∂(λlT )

∂r

∣∣∣∣
r=rs

= 4πrd
2h(Tg − Ts)− Lv(Ts) ṁ, (2.26)

where h is the heat transfer coefficient, Tg represents the ambient gas temperature, Ts

denotes the droplet surface temperature, ṁ represents the mass evaporation rate of
the multicomponent droplet, and Lv denotes the temperature-dependent latent heat of
evaporation of the liquid mixture at the surface temperature Ts of the droplet. The
heat transfer coefficient h is given as

h =
Nuλf

2rd
(2.27)

where the Nusselt number Nu is defined by the formulation provided by Abramzon
and Sirignano [49] in order to incorporate the convective effects in heat transfer
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Nu = Ñu
ln(1 +BT)

BT

. (2.28)

By taking into consideration Eqs. (2.27) and (2.28), Eq. (2.26) becomes

4πr2
∂(λlT )

∂r

∣∣∣∣
r=rs

= 2πrdλfÑu
ln(1 +BT)

BT

(Tg − Ts)− Lv(Ts) ṁ

where the Spalding heat transfer number BT [49] is calculated as described in sec-
tion 2.2.1.

2.3.2 Droplet Evaporation

The diffusion-limit model is employed to describe the droplet evaporation, where the
equation for mass diffusion is given as

∂

∂t
(r2ρlYi) =

∂

∂r
(r2ρlDl

∂Yi

∂r
), (2.29)

where i = 1, 2 denotes the liquid component in the droplet, Yi represents the mass
fraction of component i, and Dl is the binary diffusion coefficient in the liquid.

Initially, at time t = 0 s, it is assumed that the droplet is a homogeneous mixture

Yi|t=0 = Yi,0. (2.30)

Also, at the center of the droplet, r = 0 m, the Neumann boundary condition is
employed

∂Yi

∂r

∣∣∣∣
r=0

= 0. (2.31)

At the surface of the droplet, the boundary condition represents the change in the
size of the droplet [85]

−4πrs
2ρlDl

∂Yi

∂r

∣∣∣∣
r=rs

+ Yiṁ = ṁi. (2.32)

Here, ṁi denotes the mass evaporation rate of liquid component i, that is calculated
using the formulation provided by the study of Brenn et al. [52] for a droplet with
multiple components, which itself is a modification to the mass evaporation rate of a
single component droplet given by Abramzon and Sirignano [49]

ṁi = 2πrd,iρfDf,iS̃h ln(1 +BM,i). (2.33)

In Eq. 2.33, rd,i denotes the radius of the droplet of component i, ρf represents
the density of the mixture in the film, Df,i is the diffusivity of the component i in the

film, S̃h denotes the modified Sherwood number [49], and BM,i represents the Spalding
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mass transfer number [52] of the liquid component i which is calculated as described
in section 2.2.2.

2.3.3 Puffing and Micro-Explosion

The droplet heating is followed by the quasi-steady evaporation phase where the
preferential evaporation of the higher volatile component results in the accumulation
of the lower volatile species at the surface of the droplet, causing the formation of the
liquid shell of thickness δ. The droplet temperature is resolved spatially by employing
the one-dimensional model. Therefore, the spatial average droplet temperature is
defined as

T =

∑N
j=1 Tl,j

N
. (2.34)

If the spatially averaged droplet temperature T , reaches the boiling point of the
higher volatile species, the liquid shell is formed due to the accumulation of the lower
volatile component at the droplet surface. In Eq. (2.34), j denotes the numerical grid
point, N stands for the number of grid points, and Tl,j represents the temperature
of the droplet at the respective grid point. It is important to note that before the
formation of the liquid shell, T denotes the overall spatial average temperature of the
entire droplet and, after the liquid shell formation, T represents the spatial average
temperature of the droplet interior excluding the liquid shell. Due to the accumulation
of the lower volatile component at the surface of the droplet that causes the build up
of the liquid shell, the viscosity of the liquid shell is higher compared to its interior
which offers resistance to evaporation. Therefore it is to be noted that the consistency
of the liquid shell is liquid and not rigid.

δ(t) is the thickness of the liquid shell which varies with time t as

δ(t, T ) = [1− YTTIP,s(t, T )] rd(t), (2.35)

where YTTIP,s denotes the mass fraction of the lower volatile TTIP at the droplet surface
when the spatial average temperature, T , of the droplet reaches the boiling temperature
of the higher volatile component, p-xylene, and rd(t) represents the droplet radius
at time t. Therefore, after the formation of the liquid shell, its thickness varies with
respect to time, which in turn depends on the processes of heating and evaporation of
the droplet.

Due to the formation of the liquid shell, the mass evaporation rate is retarded similar
to the crust formation that occurs during the droplet drying process [82]. Thus, in
order to take into account the hindered evaporation owing to the liquid shell formation,
the mass evaporation rate given by Eq. (2.33) is modified as

ṁi =
2πrd,iρf ln(1 +BM,i)

1

Df,iS̃h
+ δ

2Dsh(rd−δ)

. (2.36)

The first term in the denominator of Eq. (2.36) is the resistance for mass transfer
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due to the boundary layer and the second one represents the resistance due to the
liquid shell, where Dsh denotes the diffusivity of the vapor in the liquid shell. It is to
be noted that Eq. (2.36) becomes equal to Eq. (2.33) when the thickness of the liquid
shell δ(t) is zero.

Rearranging of Eq. (2.36) results in

ṁi =
2πrd,iρfDf,iS̃h ln(1 +BM,i)

1 +
Df,iS̃h

2Dsh

δ
rd−δ

. (2.37)

The energy transfer between the ambience and the surface of the droplet is also
affected by the formation of the liquid shell. Hence, Eq. (2.29) is modified

4πr2
∂(λlT )

∂r

∣∣∣∣
r=rs

=
2πrdλfÑu

ln(1+BT)
BT

(Tg − Ts)

1 + λf Ñu
2λsh

δ
rd−δ

− Lv(Ts) ṁ (2.38)

in analogy to mass transfer. The denominator of the first term of Eq. (2.38) on the right
hand side of the equation describes the sum of the resistances offered for heat transfer
in the boundary layer and the resistance due to the liquid shell, where, Ñu denotes
the modified Nusselt number [49] included to take into consideration the convective
heat transfer, λf is the thermal conductivity of the gas mixture in the film, and λsh

represents the thermal conductivity in the liquid shell.
The micro-explosion of the droplet occurs if the pressure inside the droplet is higher

than the ambient pressure

pl(t, r) > pamb. (2.39)

The temporal and spatial variation of the pressure pl, inside the droplet is calculated
by combining the Raoult’s law for real mixtures and Dalton’s law,

pl(t, r) =
2∑

i=1

γiXipv,i. (2.40)

Here, for the component i, γi is the activity coefficient, Xi represents the mole fraction,
and pv,i denotes the vapor pressure. The evaluation of the activity coefficient and the
vapor pressure is discussed in the next subsection.

2.4 Physical Properties

There are a lot of physical properties involved in the numerical study of multicomponent
droplet behavior, as can be found from the discussion of the mathematical model,
see sections 2.2-2.3.3. Variable physical properties are used throughout for all the
multicomponent systems considered in the study. Therefore, the thermophysical
properties of the different multicomponent systems are discussed in detail next. It is to
be noted that for the butanol/water system alone, the thermophysical properties are
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presented at low pressures of 40 mbar and 60 mbar whereas for all the other systems
the variable physical properties are given at atmospheric pressure.

For the multicomponent systems of ethanol/water and TTIP/p-xylene, the non-
ideal behavior of the liquid mixture is considered by taking into account the activity
coefficients. At the droplet surface, the vapor mole fraction, Xs,i of component i is
calculated as

Xs,i = γiXi
pv,i
patm

. (2.41)

Here, γi denotes the activity coefficient, Xi is the mole fraction of the component i
in liquid mixture, pv,i represents the vapor pressure, and patm stands for atmospheric
pressure. Equation (2.41) becomes Raoult’s law when γi = 1, as is the case for ideal
mixtures.

Including the real behavior of the multicomponent liquid mixture through the
use of activity coefficients forms a significant point of discussion with respect to
numerical modeling of the droplet behavior. Many methods are available to calculate
the activity coefficients. The vapor liquid equilibrium (VLE) was predicted for different
azeotropic systems, including that of ethanol and water mixture, and was compared
with the experimental data by Manojkumar and Sivaprakash [86] . They used two
approaches to model the activity coefficients, namely, UNIFAC [87] and UNIQUAC [88].
It was found that both of these approaches were able to compute the vapor liquid
equilibrium data with the least error for all the different systems investigated in the
study. Govindaraju and Ihme [89] investigated the group contribution method for
evaporation of multicomponent mixtures where the focus was on fuels employed for
the purpose of transportation. The UNIFAC method was used to evaluate the activity
coefficients in order to describe the non-ideal behavior of the mixtures. They presented
a detailed discussion on the effect of the polar species on the process of evaporation.
The numerical investigation of various multicomponent droplet evaporation models for
different non-ideal mixtures was performed and validated with experimental results
by Chen et al. [90]. The real behavior of the alcohol-decane mixtures was taken into
account through the use of the activity coefficients modeled following the UNIFAC
approach. In the present study, to consider the real behavior of the liquid mixture, the
activity coefficient is incorporated using various methods for different multicomponent
systems which is discussed in the next sections.

2.4.1 Ethanol/Water

Variable liquid and gas properties used in the model are taken from the study of Pol-
ing and Prausnitz [58]. Jamieson correlation is employed to calculate the thermal
conductivity of the liquid mixture and Wassiljewa equation is used to evaluate the
thermal conductivity of the gas mixture [58]. The viscosity of the gas mixture in the
film is computed using the Wilke’s rule. Diffusivity of ethanol vapor in air and that
of water vapor in air is calculated using the Fuller equation and the Chapman and
Enskog equation, respectively. The Antoine equation is employed to evaluate the vapor
pressure of ethanol and water. Extended Watson equation [91] is used to describe the
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temperature dependence of the latent heat of evaporation. The non-ideal behavior of
the liquid mixture is taken into account by modeling the activity coefficients using the
UNIFAC approach [87], which is presented in detail in the next discussion.

The Universal Quasichemical Functional Group Activity Coefficients (UNIFAC)
approach takes into account the combinatorial, ln γC

i , and the residual parts, ln γR
i , in

the calculation of the activity coefficients of the components,

ln γi = ln γC
i + ln γR

i . (2.42)

The combinatorial part is evaluated using the universal quasichemical activity
coefficients (UNIQUAC) method [88] as,

ln γC
i = ln(

Ψi

Xi

) + 5qw,i ln(
ϑi

Ψi

) + li −
Ψi

Xi

H∑
j=1

Xjlj (2.43)

where

li = 5(rw,i − qw,i)− (rw,i − 1), (2.44)

and

ϑi =
qw,iXi∑H
j=1 qw,jXj

, Ψi =
rw,iXi∑H
j=1 rw,jXj

. (2.45)

Here, Xi denotes the mole fraction of component i. The relative Van-der-Waals
volume, rw,i, and relative Van-der-Waals surface area, qw,i, are evaluated as,

rw,i =
G∑

k=1

ν
(i)
k Rk, qw,i =

G∑
k=1

ν
(i)
k Qk, (2.46)

where H represents the number of components, which is two, for the ethanol/water
system and i stands for the liquid mixture component. The number of different groups
in molecule i, is given by G. Ethanol consists of three groups which are CH2,CH3, and
OH. However, water contains only one group, that is H2O. The number of structure
groups of type k in the molecule i is given by ν

(i)
k . Also, Rk and Qk represent the

specific constants for group k [88].
The residual part is evaluated as

ln γR
i =

G∑
k=1

ν
(i)
k

[
ln Γk − ln Γ

(i)
k

]
. (2.47)

Here, the group activity coefficient of group k in the mixture is represented by Γk and
the group activity coefficient of group k in the pure liquid i is denoted by Γ

(i)
k , which

are calculated as,

ln Γk = Qk

[
1− ln(

G∑
m=1

ϑmχmk)−
G∑

m=1

ϑmχkm∑G
n=1 ϑnχnm

]
(2.48)
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where

ϑm =
QmXm∑G
n=1QnXn

, Xm =

∑H
j=1 ν

j
mXj∑G

j=1

∑G
n=1 ν

j
nXj

, χnm = e−anm/T (2.49)

Here, the group mole fraction is represented by Xm [88] and the group interac-
tion parameter between groups m and n is given by anm [92]. Also, T denotes the
temperature under which the vapour-liquid equilibrium is considered.

2.4.2 Butanol/Water

For the liquid mixture of butanol and water, the thermophysical properties at low
pressures are not available in the literature. Therefore, the liquid properties available at
atmospheric pressure from the studies of Dortmund Data Bank [93], Coker [94], Majer
and Svoboda [95], and Poling and Prausnitz [58] are extrapolated to lower pressures
and used in the model. The variable gas properties are provided by M. Nanjaiah and
I. Wlokas, Universität Duisburg-Essen, as part of the collaboration research [96]. The
study of Poling and Prausnitz [58] provides with the gas phase mixture properties. The
viscosity of the gas mixture in the film is calculated using Wilke’s rule. The Wassiljewa
equation is employed to evaluate the thermal conductivity of the gas mixture. The
Antoine equation is used to compute the vapor pressure of water and butanol. The
Antoine equation is valid for pressure ranges of about 0.01 to 2 bar [58]. The ideal
behavior of the liquid mixture is considered and thus, the activity coefficients are
neglected.

2.4.3 Iron(III) Nitrate Nonahydrate/Ethanol

The thermophysical properties of the liquid mixture of iron(III) nitrate nonahy-
drate (INN) and ethanol at atmospheric pressure are available from the experimental
fits provided by Keller et al. [97], which are valid for INN mass fractions up to 0.34.
Experimental fits are available for density, thermal conductivity, viscosity, and isobaric
specific heat capacity. The experimental error ranges between less than 1 % for the
density to 10 % for the isobaric specific heat capacity. The properties are valid within
the temperature range of 288.15 K to 333.15 K. These properties are used in the model
and are extrapolated beyond its range of validity. Variable gas properties of ethanol
and water are provided by Poling and Prausnitz [58], the details of which are available
from the previous section 2.4.1. The activity coefficients of the INN/ethanol mixture
are neglected due its unavailability.

2.4.4 Titanium(IV) Isopropoxide/p-xylene

Variable liquid properties of the mixture of titanium(IV) isopropoxide (TTIP) and
p-xylene at atmospheric pressure were measured by Keller et al. [98]. The experimental
data is available for density, thermal conductivity, viscosity, isobaric specific heat
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capacity, and vapor-liquid equilibrium. The experimental relative standard uncertainty
varies from less than 0.1 % for the density to 3 % for the viscosity. The experimental
fits from the data are valid within the temperature range of 293.15 K to 373.15 K,
which are used in the model and are extrapolated beyond its validity range. Antoine
equation is employed to evaluate the vapor pressure of both TTIP and p-xylene, for
which the parameters are taken from the study of Keller et al. [98]. To take care of the
real behavior of the liquid mixture, the activity coefficients of TTIP and p-xylene are
computed from the vapor-liquid equilibrium data of Keller et al. [98], and are modeled
using the non-random two-liquid (NRTL) approach [84].

Variable gas properties of TTIP are calculated from the work of Shmakov et al.
[99] and Buerger et al. [100]. The mixture properties in the gas phase are computed
from the study of Poling and Prausnitz [58]. The Wassiljewa equation is employed
to evaluate the thermal conductivity of the gas mixture and the viscosity of the gas
mixture is computed using the Wilke’s rule. Fuller equation is employed to calculate
the diffusivity of p-xylene vapor and TTIP vapor in air. Majer and Svoboda [95]
provides with the temperature dependence of the latent heat of evaporation of p-xylene
whereas that of TTIP is computed using the Watson relation [58].

2.5 Numerical Solution Procedure

For the zero-dimensional model, see section 2.2, the droplet temperature is calculated by
solving the energy equation (2.1), which is an ordinary differential equation, using the
Runge-Kutta 4th order method. The mass evaporation rate, see Eq. (2.11), is evaluated
using the step-by-step procedure of Abramzon and Sirignano [49]. The convergence
criterion of the simulations is set such that the solver will stop when the droplet radius
is less than or equal to 10−3 times the initial droplet radius, rd/rd0 ≤ 10−3.

In the case of INN/ethanol droplets, in addition to computing the droplet temper-
ature and the mass evaporation rate, the amount of decomposed iron(III) nitrate is
found out by solving the kinetic equation (2.21), which is also an ordinary differential
equation, using the Runge-Kutta 4th order method. At high ambient temperatures
above the thermal decomposition temperature of 403 K, the simulation is terminated
when the iron(III) nitrate has fully decomposed into Fe2O3 and N2O5. At low ambient
temperatures below the thermal decomposition temperature of 403 K, the solver will
stop when the ethanol and the water have completely evaporated.

In order to solve the governing equations of the puffing and micro-explosion model,
see section 2.3.3, the droplet interior is discretized using an equidistant numerical
grid, and a grid independence study is performed to determine the number of grid
points which is presented and discussed in chapter 3 of results. During the numerical
simulation the droplet size changes, and thus, the computational domain and the grid
size varies. The temperature and the mass evaporation rate are computed by solving
Eqs. (2.38) and (2.37), respectively, using the second order explicit finite difference
method. During the first two stages, the liquid shell thickness, δ(t), is zero. Also, the
numerical time step is fixed at 10−5 µs such that the Courant criterion [101] is fulfilled.
The Courant criterion is the limiting criteria for the numerical grid size defined as
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C = (u∆t)/∆x, where u is the velocity of the fluid, ∆t denotes the time step, ∆x
represents the size of the grid, and C is the Courant number whose maximum possible
value is less than or equal to 0.5 [101].
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Results and Discussion

This section presents the results and detailed analysis with respect to the droplet
behavior for different multicomponent systems. At first, the results of the zero-
dimensional droplet evaporation model for ethanol/water droplet are provided, followed
by the results for the butanol/water droplet at low ambient pressures. Further, the
results for the precursor solution system of iron(III) nitrate nonahydrate in ethanol are
discussed, where the zero-dimensional model is coupled with the thermal decomposition
model. Later, the zero-dimensional model results for the precursor/solvent system
of titanium(IV) iso-propoxide/p-xylene are presented, after which the results of the
one-dimensional model for the same multicomponent system are provided along with
the results of the puffing and micro-explosion model.

3.1 Ethanol/Water Droplet

For nanoparticle synthesis using spray flames, one of the most commonly used solvents
is ethanol. Ethanol poses many advantages over other conventional fuels, due to which
it has various applications. As an example, one of the alternative fuels used for the
purpose of transportation is ethanol. From biofuels, it is possible to produce ethanol in
an efficient manner, which happens to be one of the major advantages of using ethanol
as an alternative fuel [102]. Instead of pure ethanol, fueling engines with hydrous
ethanol reduces the nitrogen oxide emissions from the engines. Also, it is possible to
save reasonable amount of energy that is required for distillation in the production
process of the ethanol [103]. In addition to the distillation process, further dewatering
engineering is required in order to obtain a high purity alcohol, thus increasing the
consumption of energy as well as the cost of the refining process of ethanol. Therefore,
by using hydrous ethanol it is possible to reduce the consumption of energy that is
needed for the process of production of the ethanol fuel. Further, it is also beneficial in
reducing the emissions as well as in saving energy. In United States and Europe, bio-
ethanol is used as an additive to gasoline whereas in countries such as Brazil, vehicles
fueled with pure ethanol or flex fuel vehicles are being employed as an alternative
to gasoline and diesel. The performance of a four-stroke engine that was fueled by
gasoline-ethanol blends or hydrous ethanol was studied by Costa and Sodré [104]. The
power obtained was around the same by both the fuels at low engine speeds. However,
it was observed that for high engine speeds the torque, break mean effective pressure,

29
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and power attained were lower while using the gasoline-ethanol blend as compared to
that obtained when using the hydrous ethanol fuel. The thermal efficiency and the
specific fuel consumption were found to be lower while using the gasoline-ethanol blend
in comparison with that of the hydrous ethanol, for the entire range of speed that was
investigated, which provides motivation for further research focusing on combustion
of hydrous ethanol fuel. The evaporation of a single ethanol droplet in an ambient
environment of nitrogen was studied experimentally by Saharin [105]. They explored
the dynamics of evaporation when water amounting to five percent was added to the
ethanol droplet. It was reported that there exist two quasi-steady regimes for the
droplet consisting of ethanol and water, as compared to one quasi-steady period for
the pure ethanol droplet.

For droplets consisting of the precursor solution systems of iron(III) nitrate non-
ahydrate in ethanol and titianium(IV) isopropoxide in p-xylene, which are explored
in sections 3.3 and 3.4, there are no experimental data available to validate the nu-
merical results computed using the droplet evaporation models. Therefore, at first,
the multicomponent droplet consisting of ethanol and water is considered, for which
experimental data [75] is available for validation. For a single droplet consisting of the
multicomponent system of ethanol and water, the numerical study is performed by
using the zero-dimensional model, see section 2.2. Firstly, the results of the simulations
are validated with the results available from the experimental study of Ma et al. [75].
Further, a parameter study is performed by varying the initial droplet size, the relative
velocity between the droplet and the ambience, the ambient gas temperature, the
initial mass fraction of the liquid components, and the amount of water content in the
ambience. The real behavior of the liquid mixture is taken into account through the use
of activity coefficients, and therefore, its impact on the process of droplet evaporation
is also explored.

The total vapor pressure for the mixture of ethanol and water computed for various
temperatures for different initial mole fractions of ethanol is displayed in Fig. 3.1.
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Figure 3.1: Variation of the vapor pressure,
calculated assuming the real and ideal be-
havior of the liquid mixture, for varying
initial mole fraction of ethanol at different
temperatures (Narasu et al. [72]).

The solid lines represent the vapor pres-
sure calculated assuming the non-ideal
nature of the liquid mixture, with the ac-
tivity coefficients evaluated using the UNI-
FAC method, whereas the dashed lines
denote the values computed considering
the ideal behavior of the ethanol/water
mixture. The calculated data was verified
using that provided by Dortmund Data
Bank [93]. The ethanol/water mixture is
a positive azeotrope with the boiling tem-
perature at 351.35 K, which is lower than
the boiling points of the individual com-
ponents of ethanol and water of 351.55 K
and 373.15 K, respectively. Therefore, the
total vapor pressure is presented for the
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temperatures between 300 K to 340 K, since the corresponding range of temperature is
significant for the numerical simulations performed in the present study, the details of
which are discussed in section 3.1.

3.1.1 Validation with Experimental Data of Ma et al. [75]

At first, the numerical results computed using the zero-dimensional model are compared
with the experimental results of Ma et al. [75]. They conducted an experimental
investigation to analyze the evaporation characteristics of a droplet consisting of both
ethanol and water components in an ambience of convective dry air. The experimental
set up consisted of a quartz fiber that was used to attach the droplets after which these
droplets were introduced into the convective ambience. The ambient conditions such
as the rate of flow of the gas stream and air temperature were controlled using a flow
control valve and a heater, respectively. Thus, the relative velocity between the droplet
and the ambience was altered between 2 m/s and 4 m/s, which was measured using a
hot wire anemometer, and the ambient gas temperature was varied between 400 K and
475 K, that was determined using a thermocouple. Larger sized droplets with initial
radius of 600 µm at room temperature and atmospheric pressure were considered for
the experimental study. Further, five different initial mass fractions of water of 0.0,
0.25, 0.50, 0.75, and 1.0 were taken into account, thus considering both pure ethanol
and water droplets as well. The experiment utilized a high speed video camera to
record and visualize the process of evaporation of the droplet.

The first experimental conditions considered consist of an ethanol/water droplet
of initial droplet radius of 600 µm at relative velocity of 4 m/s and ambient gas
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Figure 3.2: Validation of the numerical
results with the experimental results dis-
playing the temporal variation of the pro-
files of the normalized droplet surface
area for different initial mass fractions of
ethanol. Initial conditions: rd,0 = 600 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 2 m/s,
Tg,0 = 400 K, RH = 0 %. (Narasu et al.
[72]).

temperature of 400 K for initial ethanol
mass fractions of 0.0, 0.25, 0.50, 0.75,
and 1.0. The normalized droplet sur-
face area computed for these experimen-
tal conditions are presented in Fig. 3.2.
In Fig. 3.2, the experimental results are
shown by the symbols and the numerical
results are represented by the lines. The
dashed-dotted lines stand for the results
of the simulations performed by consider-
ing the ideal nature of the liquid mixture,
that is for activity coefficient γ = 1 in
Eq. 2.41 whereas, the solid lines show the
results taking into account the real be-
havior of the liquid mixture, where the
activity coefficients are modeled using the
UNIFAC [87] approach. The different col-
ors represent the cases for various initial
ethanol mass fractions. The temporal vari-
ation of the normalized droplet surface
area calculated by the simulations are in
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Figure 3.3: Temporal variation of the liquid thermal and mass Peclet number. Initial
conditions: rd,0 = 600 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 2 m/s, Tg,0 = 400 K,
RH = 0 % (Narasu et al. [72]).

good agreement with that observed from the experimental study. Ethanol is more
volatile than water since the boiling point of ethanol is lower than that of water. There-
fore, with the increase in the initial mass fraction of ethanol, the evaporation of the
droplet becomes faster resulting in shorter lifetime of the droplet. Thus, a pure water
droplet evaporates slower in comparison with that of a pure ethanol and ethanol/water
droplet. The classical d2 law is followed for none of the conditions studied here due
to the variable thermophysical properties used in the model. This is evident from
the difference in the slopes for normalized droplet surface area plot, which shows two
regimes of evaporation. The first regime is associated with the preferential evaporation
of ethanol owing to its higher volatility and is represented by a larger slope, whereas,
the second regime constitutes the evaporation of the lower volatile water component.
Also, with the decrease in the initial mass fraction of ethanol, the first regime becomes
shorter and further, the difference in slopes between the two regimes become smaller
because of the lower volatile nature of water. More details with respect to this behavior
is presented in the next section.

Comparing the numerical results considering the real and ideal behavior of the liquid
mixture, including the real behavior of the liquid mixture results in faster evaporation
of the ethanol component but, leads to retarded regression with respect to water
evaporation and thus, resulting in minor differences with regard to the droplet lifetime.

It is possible to evaluate the validity of the distillation-limit model and the rapid-
mixing model by calculating the liquid thermal Peclet number and the liquid mass
Peclet number [106], respectively. The liquid thermal Peclet number is given by the
ratio of the gasification rate and the liquid thermal diffusivity whereas, the liquid
mass Peclet number is defined as the ratio of the gasification rate and the liquid mass
diffusivity. Figure 3.3 shows the liquid thermal Peclet number and the liquid mass
Peclet number for the initial conditions specified in Fig. 3.2. Since the liquid thermal
Peclet number remains below 0.1, see Fig. 3.3a, and the liquid mass Peclet number is
below two, see Fig. 3.3b, the usage of the distillation-limit model and the rapid-mixing
model is justified. Unforunately, no data is available from the present experiment to
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Figure 3.4: Validation of the numerical results with the experimental results displaying
the temporal variation of the profiles of the normalized droplet surface area for different
initial mass fractions of ethanol. Initial conditions: rd,0 = 600 µm, Tl,0 = 293.15 K,
p = 1 bar, RH = 0 % (Narasu et al. [72]).
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validate these results.
The experimental results are available

for two more initial conditions and hence,
the numerical study is performed for these
conditions as well. The comparison be-
tween the normalized droplet surface area
calculated by the numerical simulations
and that available from the experiments
are displayed in Fig. 3.4. Figure 3.4a
shows the results for the higher relative
velocity of 4 m/s at ambient temperature
of 400 K whereas, Fig. 3.4b displays the
results for the relative velocity of 2 m/s
at higher ambient temperature of 475 K.
Rest of the initial conditions remain the

same as that mentioned for the previous experimental condition of Fig. 3.2. The
characteristics of the droplet evaporation remain similar to that described in Fig. 3.2,
except for the difference in the droplet lifetimes, which are presented in Fig. 3.5.
Figure 3.5 displays the droplet lifetimes calculated by the model by considering the
ideal (open symbols) and non-ideal (filled symbols) behavior of the liquid mixture for
the different initial conditions studied in Figs. 3.2 and 3.4. The data with respect to
the droplet lifetimes are not available from the present experiment, and therefore, are
not included. The symbols represent the results computed from the simulations and
the lines connecting the symbols are shown for better clarity regarding the parametric
dependence. For the same ambient gas temperature of 400 K, increasing the relative
velocity from 2 m/s (blue lines) to 4 m/s (red lines) results in enhanced evaporation of
the droplet caused due to the stronger convection rate and thus, reduces the droplet
lifetime by around 30 %. Also, for the lower relative velocity, as the ambient air
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temperature is increased from 400 K to 475 K (black lines), the droplet lifetime is
shortened due to the increased heat transfer rate between the ambience and the droplet.
Further, with an increase in the initial mass fraction of ethanol, the deviation of the
droplet lifetimes becomes smaller and the droplet lifetime is reduced because of the
higher volatile nature of ethanol. There is good agreement between the trends shown
in Fig. 3.5 and the results available in the literature for different multicomponent
systems [89]. Incorporating the real behavior of the liquid mixture does not make much
difference with respect to the droplet lifetimes. Still, the non-ideal behavior of the
liquid mixture is considered throughout the present study concerning the evaporation of
ethanol/water droplets. Parameter study is conducted by varying the initial conditions
which is discussed is detail in the next section.

3.1.2 Parameter Study

For the purpose of understanding the effect of different parameters on the process of
droplet heating and evaporation, the initial conditions are varied but chosen in such
a way that they are well within the regime of laminar flow. The flow around spheres
was visualized by Taneda [107] and they found that vortex rings are formed in the
rear of a sphere starting from Reynolds numbers of 24. Also, there are no formations
of the vortex rings for Reynolds numbers below 22, which is known as the regime of
attached flow. Therefore, for the present study the initial conditions are selected so
that the droplet Reynolds numbers remain below twenty. Thus, the parameter study is
performed for initial droplet radii of 25 µm and 50 µm at relative velocities of 4 m/s
and 10 m/s for ambient air temperatures of 400 K and 1200 K in an ambience of
both dry and humid air. Further, the thermal and mass Peclet numbers remain below
their critical values [106] which justifies the use of the distillation-limit model and
the rapid-mixing model to describe the droplet heating and evaporation, respectively,
as was explained in detail in the previous section. Increasing the initial droplet size
or the relative velocity results in breaching the Peclet number limits, and thus the
one-dimensional model need to be employed to study the droplet behavior.

Figure 3.6 shows the profiles of the normalized droplet surface area and the mass frac-
tions of the liquid components at the droplet surface with time for a single ethanol/water
droplet of initial radius of 25 µm at relative velocity of 4 m/s for ambient gas tem-
perature of 400 K for initial ethanol mass fractions of 0.0, 0.25, 0.50, 0.75, and 1.0.
With respect to the profiles of the normalized droplet surface area, see Fig. 3.6a, the
major characteristics remain similar to that displayed in Fig. 3.2 for the experimental
conditions, except for the differences with respect to the droplet lifetimes which are
shorter for the smaller droplets. Ethanol component evaporates faster than the water
component owing to its higher volatility which can be observed from the differences in
the slopes of the normalized droplet surface area plot. Larger the initial mass fraction
of the higher volatile ethanol, more delayed is the deviation of the slope of the droplet
regression rate. More evidence regarding the preferential evaporation of ethanol is
available from the profiles of the the mass fractions of both ethanol (solid lines) and
water (dashed lines) at the droplet surface, as displayed in Fig. 3.6b, where the mass
fraction of the ethanol component reduces faster for the different cases presented. Once
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Figure 3.6: Droplet heating and evaporation characteristics. Initial conditions:
rd,0 = 25 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, RH = 0 % (Narasu
et al. [72]).
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Figure 3.7: Droplet heating and evaporation characteristics. Initial conditions:
rd,0 = 25 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, RH = 0 % (Narasu
et al. [72]).

the ethanol has almost completely evaporated, the droplet evaporation is dominated
by the evaporation of the water component which coincides with the change of slope
observed in the profiles of the normalized droplet surface area.

The profiles of the temperature at the surface of the droplet Ts is displayed in
Fig. 3.7a, for all the five initial mass fractions of ethanol considered in the present
study. Initially, the droplet heats up causing the droplet surface to increase for all
the cases. Larger the initial mass fraction of the ethanol, smaller is the temperature
attained by the surface of the droplet during the initial heating phase, which is due to
the lower boiling point of ethanol as compared to that of water. For the ethanol/water
droplet, the initial droplet heating is followed by the quasi-steady evaporation phase
where the higher volatile ethanol evaporates preferentially and the temperature at the
droplet surface increases slowly. Once the ethanol content becomes smaller, as shown
in Fig. 3.6b, the water evaporation is the dominating factor and the droplet surface
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Figure 3.8: Temporal variation of the normalized droplet surface area. Initial conditions:
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 1200 K, RH = 0 % (Narasu et al. [72]).
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Figure 3.9: Temporal variation of the normalized droplet surface area. Initial conditions:
rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 10 m/s, Tg,0 = 1200 K, RH = 0 % (Narasu
et al. [72]).

temperature increases drastically because of the higher boiling temperature of water.
However, for the pure ethanol and water droplets, during the quasi-steady evaporation
phase, the temperature remains almost constant at the maximum temperature reached
by the droplet surface after the initial heating stage.

Figure 3.7b displays the mass evaporation rates of both the components of ethanol
(dash dotted lines) and water (solid lines) for various initial mass fractions of ethanol
investigated in the present study. Initially, the preferential evaporation of the ethanol
component occurs which may be identified by the peak value attained by the mass
evaporation rate of ethanol, which is higher for the larger initial mass fractions of
ethanol. Also, reducing the initial mass fraction of ethanol delays the time at which
the maximum value is reached. During the early stages, the mass evaporation of water
remains almost constant. However, as the amount of ethanol inside the droplet reduces,
see Fig. 3.6b, the evaporation is dominated by water, as is evident from the larger
values of the mass evaporation rate of water.

Figure 3.8a shows the temporal variation of the normalized droplet surface for the
same conditions as displayed in Fig. 3.6a, except that the ambient gas temperature
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Figure 3.10: Temporal variation of the
mass evaporation rates of the liquid com-
ponents. Initial conditions: rd,0 = 50 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 10 m/s,
Tg,0 = 1200 K, RH = 0 % (Narasu et al.
[72]).

is increased from 400 K to 1200 K, with
the aim of understanding the effect of
increased ambient temperature on the
droplet behavior. Due to the increase
of the ambient temperature, there is in-
creased heat transfer rate between the
ambience and the droplet which results in
reduced droplet lifetime. For the higher
ambient temperature of 1200 K, increas-
ing the initial droplet size by a factor
of two causes slower evaporation of the
droplet, as displayed in Fig. 3.8b, because
of the prolonged heating and evaporation
time since there is a larger amount of
the liquid to be evaporated. The relative
velocity between the droplet and the am-
bience is increased from 4 m/s to 10 m/s,

see Fig. 3.9a, which shortens the lifetime of the droplet because of the enhanced
evaporation caused due to the stronger convection rate. Also, for the higher ambient
temperature of 1200 K, during the initial droplet heating period, droplet expansion
occurs which is due to the variable liquid properties used in the model. This is clearly
visible in Fig. 3.9b, which presents the zoomed view of Fig. 3.9a. For the same condi-
tions of Fig. 3.9, the mass evaporation rates of ethanol and water are shown in Fig. 3.10.
The peak value attained by the mass evaporation rates of both the liquid components
are higher than that computed for the conditions of Fig. 3.7b by a factor of about
twenty, which further proves that increasing the ambient temperature and the relative
velocity enhances the process of evaporation.

Figure 3.11 shows the summary of the lifetimes of the droplet for
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various initial conditions explored in the
present study. Keeping all the other ini-
tial conditions same, increasing the am-
bient air temperature from 400 K (black
line) to 1200 K (green line) shortens the
droplet lifetime by a factor of ten due to
the increased heat transfer rate. For the
higher ambient temperature, as the initial
droplet size is increased from 25 µm to
50 µm (blue line), the droplet lifetime is
prolonged by a factor of three because of
the prolonged droplet heating time. Dou-
bling the relative velocity from 4 m/s to
8 m/s (red line) reduces the droplet life-
time due to the stronger convection rate.
However, the influence of the relative ve-
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Figure 3.12: Influence of the relative humidity, RH, on the normalized droplet surface
area assuming ideal mixture properties. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K,
p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, YEtOH,0 = 0.50 (Narasu et al. [72]).

locity on the droplet lifetime is small as compared to that of the ambient air temperature
and the initial droplet size. For all the cases studied, larger the initial mass fraction of
ethanol, the droplet lifetime is reduced since ethanol is more volatile than water.

As the droplet consisting of the components of ethanol and water evaporate, the
amount of water in the ambience is enhanced. Therefore, to understand the influence of
the water content in the environment on the process of droplet evaporation, a parameter
study is performed for an ethanol/water droplet in humid air by considering both ideal
and real behavior of the liquid mixture.

Figure 3.12 displays the impact of relative humidity on the normalized droplet
surface area for an ethanol/water droplet of initial radius of 50 µm at relative velocity
of 4 m/s for ambient air temperature of 400 K for initial ethanol mass fraction of 0.50.
Five different relative humidity values of 0.0 %, 0.5 %, 1.0 %, 2.0 %, and 5.0 % are
considered. The initial ethanol mass fraction of 0.50 is selected since the impact on
the droplet heating and evaporation characteristics is the largest for this condition.
For Fig. 3.12, the ideal nature of the liquid mixture is taken into account, that is the
activity coefficient of the components is taken as one, γi = 1. Increasing the relative
humidity from 0 % to 5 % enhances the evaporation of the droplet initially which is
followed by retarded evaporation that eventually prolongs the droplet lifetime, see
Fig. 3.12a. Figure 3.12b shows the zoomed view of Fig. 3.12a. For relative humidity
of 5 %, initial droplet expansion occurs which accounts for about 1 % of the initial
droplet surface area over a time period of 4 ms. To understand the reason for the initial
droplet expansion for the higher relative humidity case, the profile of the temperature
at the droplet surface and the mass evaporation rates of both the liquid components
are displayed in Fig. 3.13. Initially, the mass evaporation rate of water becomes
negative, see Fig. 3.13b, which shows evidence for the condensation of water occurring
at the surface of the droplet due to which heat is released. Increasing the amount
of humidity in the ambience increases the rate of condensation which further causes
more heat release and eventually, results in the initial increase of the temperature at
the surface of the droplet, as shown in Fig. 3.13a. Thus, the initial increase of the
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Figure 3.13: Influence of the relative humidity, RH, on the droplet heating and evapora-
tion characteristics assuming ideal mixture properties. Initial conditions: rd,0 = 50 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, YEtOH,0 = 0.50 (Narasu et al.
[72]).
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Figure 3.14: Influence of the relative humidity, RH, on the normalized droplet surface
area assuming real mixture properties. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K,
p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, YEtOH,0 = 0.50 (Narasu et al. [72]).

droplet surface temperature results in enhanced evaporation of the ethanol component
as can be observed from the peak values attained by the mass evaporation rates of
ethanol, see Fig. 3.13b. This enhancement of the evaporation rate of the ethanol
component outweighs the negative mass evaporation rate of the water component and
therefore, causes the initial expansion of the droplet, as seen in Fig.3.12b. Previous
study of Saharin [105] had also reported regarding water condensation on the surface
of the droplet.

Figures 3.14 and 3.15 show the effect of humidity on the droplet heating and
evaporation characteristics for the same conditions of Fig. 3.12, except that the real
behavior of the liquid mixture is considered through the use of activity coefficients
modeled following the UNIFAC method. For the non-ideal mixture, see Fig. 3.14, the
initial expansion of the droplet is around 0.47 % of the initial droplet surface area
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Figure 3.15: Influence of the relative humidity, RH, on the droplet heating and evapora-
tion characteristics assuming real mixture properties. Initial conditions: rd,0 = 50 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, YEtOH,0 = 0.50 (Narasu et al.
[72]).

over a time period of 2.6 ms as compared to approximately 1 % of the initial droplet
surface area at 4 ms for the numerical study considering the ideal mixture behavior,
see Fig. 3.12. Therefore, taking into account the real behavior of the liquid mixture
causes the reduction of the initial droplet expansion by a factor of two and occurs over
a shorter period of time. Comparing the mass evaporation rates of both the liquid
components, see Figs. 3.13b and 3.15b, the peak value attained by the water component
is almost the same whereas the maximum value of the mass evaporation rate of the
ethanol component is higher by around 30 % for the real mixture which is because
of the positive deviation from Raoult’s law for the non-ideal mixture. For the liquid
mixture considering the real behavior, the evaporation of the ethanol causes drastic
reduction of the mass fraction of ethanol which results in the strong increase of the
activity coefficient of ethanol that leads to higher Spalding mass transfer number and
eventually, enhances the mass evaporation rate of the ethanol component. Thus, the
impact of the increased droplet surface temperature is outweighed by the real behavior
of the liquid mixture, see Figs. 3.13a and 3.15a, where the heating of the droplet is
retarded because of the non-ideal behavior of the liquid mixture. During the initial
phase of evaporation, the increase of the activity coefficient of ethanol is more drastic
than the reduction of the activity coefficient of water, that leads to enhanced rate
of mass evaporation while considering the real behavior of the liquid mixture. Even
though incorporating the non-ideal behavior of the liquid mixture has negligible effect
on the droplet lifetime, using the real mixture properties is advocated to capture the
details with respect to the processes of droplet heating and evaporation.

Govindaraju and Ihme [89] studied the characteristics associated with droplet
heating and evaporation of base-gasoline G1 [108] and ethanol blends in an ambience of
quiescent air where the real behavior of the liquids was incorporated by modeling the
activity coefficients using the UNIFAC approach and found enhanced evaporation of
the higher volatile ethanol component. However, in that study, assuming ideal behavior
of the liquids did not show this effect. They found that with the increase of the ethanol
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content, enhanced initial evaporation of the droplet takes place with prolonged droplet
lifetimes as was displayed for the influence of humid air on the processes of heating
and evaporation with respect to Fig. 3.14a.

In comparison with the evaporation of an ethanol/water droplet in dry air, in an
ambience of humid air, the condensation of water at the droplet surface occurs which
causes the strong increase of the temperature at the droplet surface and reduces the
time period of the unsteady heating phase. Even though the quasi-steady evaporation
starts earlier, the lifetime of the droplet in humid air is prolonged by a factor of
one and a half as compared to that in dry air, since the rate of evaporation of the
water component is reduced in humid air. Thus, overall, there are three stages for the
evaporation of the ethanol/water droplet in air of relative humidity of 5 %. The first
stage is the initial expansion of the droplet caused due to the water condensation at the
surface of the droplet. The second stage is associated with the enhanced evaporation
of the ethanol component and the third stage is represented by the retarded water
evaporation. In dry air, there are two stages with respect to the droplet behavior.
In an ambience of dry air, there is no droplet expansion due to condensation but,
there is the possibility of the occurrence of initial droplet expansion due to the droplet
heating associated with variable liquid properties. The first stage accounts for the
preferential evaporation of the higher volatile ethanol followed by water evaporation
which continues until the droplet completely evaporates.

The zero-dimensional model is applied to the multicomponent system of butanol and
water at ambient pressures below atmospheric pressure and the results are presented
in the next section.

3.2 Butanol/Water Droplet

The SpraySyn burner developed by Schneider et al. [29] is designed with the objective of
producing nanoparticles on a large scale. However, the turbulence associated with the
entire process makes it difficult to measure the concentration profiles of various species.
Thus, in order to understand the underlying chemical kinetics of new precursor solutions
and develop reaction mechanisms associated with the synthesis of nanoparticles, a
laminar matrix burner was developed by Apazeller et al. [109], where the ambient
pressure was set below the atmospheric pressure to measure the concentration of the
species in a convenient way. For the matrix burner, knowing the droplet characteristics
would help in performing more complex simulations with respect to the gas phase.
Nanjaiah et al. [96] performed gas phase simulations concerning the matrix burner,
where the major assumption was that at the inlet of the matrix burner, the droplets
are entirely evaporated. Thus, the droplet lifetimes are evaluated in the present study
to support this assumption. Therefore, in this section, a numerical investigation is
performed to study the behavior of a single butanol/water droplet at low ambient
pressures less than the atmospheric pressure. The characteristics of the droplet heating
and evaporation are described using the zero-dimensional model, see section 2.2. There
is no experimental data available to compare the numerical results of the present
study. However, the zero-dimensional model was validated by Narasu et al. [72] by
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comparing the results of the droplet simulations performed at atmospheric pressure
for the multicomponent system of ethanol and water with the experimental results
provided by Ma et al. [75].

At first, the heating and evaporation characteristics of the butanol/water droplet
for various initial conditions are discussed. Further, an analysis is presented with
respect to the droplet lifetime. The different conditions considered in the present study
include initial droplet radii of 1.25 µm and 5 µm, relative velocities of 0.01 m/s and
0.1 m/s, as well as ambient gas temperatures of 400 K and 1200 K. The various initial
mass fractions of water taken into account are 0.0, 0.00810174, 0.0122411, 0.01479,
0.0218284, 0.0235751, and 0.0566031, which correspond to the composition of the
precursor solution used in the matrix burner [109, 96]. Two different ambient pressures
of 40 mbar and 60 mbar are considered. The ambient gas mixtures considered at
40 mbar pressure are that of methane/argon and hydrogen/argon whereas, at 60 mbar,
the ambience is composed of methane and nitrogen. The initial conditions considered
in this present study are based on the experimental conditions concerning the matrix
burner [109, 96]. Also, for all these conditions, the Weber number remains below the
critical Weber number, so that the droplet does not breakup. Further, the mass and
thermal Peclet numbers are below their critical values, so that the rapid-mixing and
the distillation-limit models are valid, as presented in the previous section 3.1 as well
as in the numerical study of Narasu et al. [72]. The results of the numerical study are
discussed next.

Figure 3.16 displays the profiles of the normalized droplet surface area for pure
butanol (solid lines) and butanol/water (dashed lines) droplets of initial radius of 5 µm at
relative velocity of 0.1 m/s for ambient gas temperature of 1200 K at ambient pressures
of 40 mbar and 60 mbar. The ambience at 40 mbar pressure is composed of methane
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Figure 3.16: Temporal variation of the nor-
malized droplet surface area. Initial con-
ditions: rd,0 = 5 µm, Tl,0 = 293.15 K,
u0 = 0.1 m/s, Tg,0 = 1200 K. At p= 40 mbar:
YC4H9OH,0 = 0.9764249, YH2O,0 = 0.0235751.
At p = 60 mbar: YC4H9OH,0 = 0.9433969,
YH2O,0 = 0.0566031 (Nanjaiah et al. [96]).

and argon whereas at 60 mbar, the ambi-
ent gas mixture is methane/nitrogen. At
40 mbar pressure, the liquid mass frac-
tions of butanol and water are 0.9764249
and 0.0235751 respectively, whereas, at
60 mbar, the corresponding values are
0.9433969 and 0.0566031, respectively.
The liquid mass fractions of butanol and
water correspond to the composition of
the precursor solution employed in the
matrix burner [109, 96]. The droplet ex-
pands initially during the droplet heat-
ing due to the variable liquid properties
used in the model. This is followed by
the quasi-steady evaporation phase where
the preferential evaporation of the higher
volatile component water occurs followed
by the evaporation of the butanol com-
ponent. Pure butanol droplet evaporates
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(a) Pure butanol droplet.
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(b) Butanol/water droplet.

Figure 3.17: Temporal variation of the mass evaporation rates and droplet sur-
face temperature. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, u0 = 0.1 m/s,
Tg,0 = 1200 K. (a) YC4H9OH,0 = 1.0, YH2O,0 = 0.0. (b) At p = 40 mbar, YC4H9OH,0 =
0.9764249 and YH2O,0 = 0.0235751. At p = 60 mbar: YC4H9OH,0 = 0.9433969 and
YH2O,0 = 0.0566031 (Nanjaiah et al. [96]).

slower than the butanol/water droplet because of the lower volatility of butanol as
compared to that of water. At higher ambient pressure of 60 mbar, the droplet life-
times are reduced by approximately 40 % as compared to that at lower pressure of
40 mbar, because of the higher mass evaporation rates of the liquid components, which
is discussed next.

Figure 3.17 provides insight into the profiles of the droplet surface temperature and
the mass evaporation rates for the initial conditions specified for Fig. 3.16. Figure 3.17a
presents the results for the pure butanol droplet and Fig. 3.17b displays these for the
butanol/water droplet. The droplet surface temperature is represented by the red
color lines and the mass evaporation rates of butanol and water is showcased by the
black and blue color lines, respectively. During the initial droplet heating period, the
temperature at the surface of the droplet increases for both the pure butanol and the
butanol/water droplets. For the butanol/water droplets, see Fig. 3.17b, after the initial
heating period, the higher volatile water evaporates preferentially, as can be seen from
the early peak values obtained for the mass evaporation rates of the water component.
Further, the lower volatile butanol evaporates which is reflected in the mass evaporation
rates of the butanol component. At higher ambient pressure of 60 mbar, the surface
temperatures attained by the droplet and the mass evaporation rates of both the liquid
components are higher in comparison to that at lower ambient pressure of 40 mbar,
which results in faster evaporation of the droplets at 60 mbar.

The temporal evolution of the temperature (red color) at the surface of the droplet
as well as the mass fractions of butanol (black color) and water (blue color) for
butanol/water droplet of initial radius of 5 µm at relative velocity of 0.1 m/s for
ambient gas temperature of 1200 K at ambient pressures of 40 mbar and 60 mbar are
displayed in Fig. 3.18. The initial water mass fractions are 0.0235751 and 0.0566031
at ambient pressures of 40 mbar and 60 mbar, respectively. The droplet surface
temperature increases initially followed by the quasi-steady evaporation phase where
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(a) p = 40 mbar, YC4H9OH,0 = 0.9764249,
YH2O,0 = 0.0235751.
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Figure 3.18: Temporal variation of the species mass fractions and temperature at the
surface of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, u0 = 0.1 m/s,
Tg,0 = 1200 K (Nanjaiah et al. [96]).
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Figure 3.19: Temporal variation of the normalized droplet surface area. Initial condi-
tions: rd,0 = 1.25 µm, Tl,0 = 293.15 K, p = 40 mbar, u0 = 0.01 m/s, Tg,0 = 1200 K (Nan-
jaiah et al. [96]).

the preferential evaporation of the higher volatile water component occurs which is
reflected in the mass fraction of water, which causes the increase of the butanol content
at the surface of the droplet.

Figure 3.19 shows the profiles of the normalized droplet surface area versus time
for butanol/water droplets of initial radius of 1.25 µm at relative velocity of 0.01 m/s
for ambient temperature of 1200 K at ambient pressure of 40 mbar for two different
ambient gas mixtures of methane/argon and hydrogen/argon. Figure 3.19a displays
the results for the ambient gas mixture of methane/argon and Fig. 3.19b presents
these for the ambience composed of hydrogen and argon. For ambient mixture of
methane/argon, four different initial mass fractions of water of 0.0, 0.00810174, 0.01479,
and 0.0218284 are used, whereas, for gas mixture of hydrogen/argon, two different
initial mass fractions of water of 0.0 and 0.0122411 are employed. As the droplet
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Figure 3.20: Temporal variation of the mass evaporation rates and droplet surface
temperature. Initial conditions: rd,0 = 1.25 µm, Tl,0 = 293.15 K, p = 40 mbar,
u0 = 0.01 m/s, YC4H9OH,0 = 0.98521, YH2O,0 = 0.01479 (Nanjaiah et al. [96]).

heats up initially, droplet expansion occurs for all the cases studied here, due to the
variable liquid properties employed in the model. For the butanol/water droplet, water
evaporates preferentially owing to its higher volatility followed by the evaporation of
butanol. Thus, increasing the initial water content results in faster evaporation of
the droplet since water is more volatile than butanol. For ambient gas mixture of
hydrogen/argon, the droplet lifetime is reduced by a factor of three in comparison
with that of the ambient mixture of methane/argon, owing to the difference in the gas
mixture properties.

The influence of the ambient gas temperature on the droplet heating and evaporation
characteristics of single butanol/water droplet is presented in Fig. 3.20. Figure 3.20
shows the profiles of the mass evaporation rates of butanol (black color) and water (blue
color) along with the droplet surface temperature (red color) with time for initial droplet
radius of 1.25 µm with relative velocity of 0.01 m/s for initial mass fraction of water
of 0.01479 at ambient pressure of 40 mbar for ambient temperatures of 400 K and
1200 K. The results for the ambient temperatures of 400 K and 1200 K are displayed
in Figs. 3.20a and 3.20b, respectively. For both ambient gas temperatures, the initial
droplet heating causes the increase of the temperature at the surface of the droplet.
The droplet heating is followed by the preferential evaporation of the water component
since water is more volatile than butanol, that is reflected in the early maxima reached
for the mass evaporation rate of the water component, after which butanol evaporation
dominates, as is visible from the peak values attained for the mass evaporation rate of
butanol. At higher ambient temperature of 1200 K, the droplet surface temperatures
and the mass evaporation rates of both the liquid components are higher than that
at lower ambient gas temperature of 400 K, due to the increased heat transfer rate
between the ambience and the droplet. Therefore, at higher ambient gas temperature
of 1200 K, the droplet evaporates faster eventually resulting in shorter lifetime of the
droplet as compared to that at 400 K. More detailed analysis with respect to the
droplet lifetimes is discussed next.

Figure 3.21a shows the lifetimes of the butanol/water droplet for the initial condi-
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Figure 3.21: Lifetime of the droplet for different initial conditions. Initial condition:
Tl,0 = 293.15 K (Nanjaiah et al. [96]).
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Figure 3.22: Zoomed view of Fig. 3.21a, displaying the lifetime of the droplet. Initial
conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, u0 = 0.1 m/s, Tg,0 = 1200 K (Nanjaiah et al.
[96]).

tions of Fig. 3.16 whereas Fig. 3.21b displays the droplet lifetimes for the conditions
of Fig. 3.19 at ambient gas temperatures of 400 K and 1200 K. At higher ambient
pressure of 60 mbar (red color), see Fig. 3.21a, the droplets evaporate faster and
thus, the lifetimes of the droplet are shorter than at an ambience of lower pressure
of 40 mbar (blue color), because of the higher droplet surface temperatures and mass
evaporation rates of the liquid components at 60 mbar, see Fig. 3.17. For lower
ambient temperature of 400 K (blue color), see Fig. 3.21b, the droplet evaporation
is slowed down and therefore, the droplet lifetimes are prolonged as compared to
that at higher ambient temperature of 1200 K (red color), due to the reduced heat
transfer rate between the ambience and the droplet. For ambient gas mixture of
methane/argon (filled symbols), see Fig. 3.21b, the droplet lifetime is increased by
a factor of three in comparison with that of the ambient mixture of hydrogen and
argon (open symbols), because of the difference in the gas mixture properties. As the
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Figure 3.23: Zoomed view of Fig. 3.21b, displaying the lifetime of the droplet. Initial
conditions: rd,0 = 1.25 µm, Tl,0 = 293.15 K, p = 40 mbar, u0 = 0.01 m/s (Nanjaiah
et al. [96]).
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Figure 3.24: Zoomed view of Fig. 3.21b,
displaying the lifetime of the droplet. Initial
conditions: rd,0 = 1.25 µm, Tl,0 = 293.15 K,
p = 40 mbar, u0 = 0.01 m/s (Nanjaiah et al.
[96]).

initial mass fraction of water is increased,
the droplet evaporates faster for all the
cases investigated in this present study,
since the volatility of water is higher than
that of butanol. This is visible clearly
in Figs. 3.22 - 3.24, which present the
zoomed views of Fig. 3.21. Figure 3.22
displays the zoomed view of Fig. 3.21a
whereas Figs 3.23 and 3.24 show better
resolved images of Fig. 3.21b. Thus, the
lifetime of the butanol/water droplet is
less than 1 ms for various conditions con-
sidered in the present study.

For the precursor solution system of
iron(III) nitrate nonahydrate and ethanol,
the zero-dimensional model is coupled

with the thermal decomposition model and the results are discussed in the next
section.

3.3 Iron(III) Nitrate Nonahydrate/Ethanol Droplet

During the generation of nanoparticles via spray flames, previous studies confirm
that particles are formed via two routes [32, 33]. Either the particles are formed
directly from the droplet or the droplets evaporate into the gas phase from where
the particles are generated. Wang and Huang [112] conducted experimental study of
flame aerosol synthesis of cerium(IV) oxide and tungsten trioxide. It was concluded
that there are two pathways through which particles are generated, droplet-particle
and droplet-vapor-particle. They found that the pathway chosen for the generation
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of particles depends on the vapor pressure and the flame temperature. Experimental
and numerical investigation of the production of luminescent europium doped yttrium
oxide nanophosphors using flame synthesis was carried out by Abram et al. [113]. The
study found that the particles were formed via two different mechanisms, namely,
droplet-to-particle and gas-to-particle, which depended on the synthesis temperature.
In the experimental study conducted by Majerič et al. [114], regarding the synthesis of
gold nanoparticles via redesigned ultrasonic spray pyrolysis, the droplet-to-particle and
gas-to-particle routes of particle formation were discussed. Stodt et al. [62] employed the
phase selective laser induced breakdown spectroscopy (PS-LIBS) method to investigate
the formation of iron oxide in an external mixing spray flame reactor, in order to
differentiate between the droplet-to-particle and the gas-to-particle pathways of particle
formation. They concluded that the transition of the unreacted precursor from the
droplet-to-particle phase was not possible to detect using the phase selective laser
induced breakdown spectroscopy technique in the underlying dense spray flame. Majerič
and Rudolf [63] discusses the droplet-to-particle and the gas-to-particle mechanisms
through which the particles are formed in the review paper on the synthesis and
processing of noble metal nanoparticles using ultrasonic spray pyrolysis.

For the present study, in order to explore both the droplet-to-particle and the
droplet into gas phase pathways, the precursor solution of iron(III) nitrate nonahydrate
and ethanol is considered. In flame spray pyrolysis, iron(III) oxide nanoparticles
are produced using the precursor/solvent system of iron(III) nitrate nonahydrate and
ethanol. Iron(III) nitrate nonahydrate consists of nine crystal water molecules, as shown
in Fig. 3.25a, and is commonly used as the precursor for synthesis of iron(III) oxide
nanoparticles, see Fig. 3.25b, using spray flames. The iron oxide nanoparticles have
wide range of applications in various fields such as biomedical field [115], healthcare

(a) Chemical structure of INN. (b) Iron(III) oxide nanoparticles.

Figure 3.25: The chemical structure of iron(III) nitrate nonahydrate (INN) [110] and
iron(III) oxide nanoparticles [111]
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industry [116], agriculture and food industry [117], aerospace industry [118] etc. For
example, in the field of medicine, the iron oxide nanoparticles are used in treating
cancer via the methodology of magnetic hyperthermia [119, 120, 121]. In this approach,
a fluid consisting of iron oxide, known as the ferrofluid, is injected to the location of
the tumor. Further, by employing a magnetic field, it gets heated up and thus, causes
the destruction of the cancerous cells. Another application is that, in the aerospace
industry, the iron oxide nanoparticles are added as a catalyst to increase the burning
rate of the solid propellants [122].

In this section, the results of the numerical study of the behavior of a single iron(III)
nitrate nonahydrate/ethanol droplet at atmospheric pressure is presented where the
droplet heating and evaporation is described by employing the zero-dimensional model,
see section 2.2, and possible thermal decomposition is taken into account using the
thermal decomposition model, see section 2.2.3. Unfortunately, there is no experimental
results available for validation of the present numerical study. However, the zero-
dimensional model was validated by Narasu et al. [72] for the evaporation of a single
ethanol/water droplet with the experimental results of Ma et al. [75], as was discussed
in the previous section 3.1.

A parameter study is performed by varying the initial droplet radius, the initial
precursor mass fraction, the relative velocity between the droplet and the ambience, the
ambient gas temperature, and the relative humidity in air. For the parameter study,
the initial droplet radii considered vary from 1 µm to 25 µm. Further, two relative
velocities of 4 m/s and 8 m/s and relative humidities from 0 % to 10 % are taken into
account. The initial precursor mass fractions considered are 0.0125, 0.025, and 0.20.
Also, in order to explore both the pathways, the droplet-to-particle and droplet into
gas phase, see sec 2.2.3, ambient air temperatures of 400 K, 800 K, and 1200 K are
taken into account for the parameter study. The initial conditions are chosen based
on the experimental conditions of a burner developed for the purpose of FSP [29],
where the droplet breakup is not considered since the Weber numbers stay below the
critical Weber number. Also, the thermal and mass Peclet numbers are below their
critical values so that the distillation-limit and the rapid-mixing models are valid, as
was explained in detail in the study of Narasu et al. [72] as well as in the previous
section 3.1.

Firstly, the results for the droplet-to-particle pathway, that is where only droplet
evaporation occurs without thermal decomposition, are discussed. Further, the results
of the droplet into gas phase pathway are presented. Finally, the numerical results are
parameterized using polynomial fits for use in more complex simulations of FSP.

3.3.1 Droplet-to-Particle Pathway

Figure 3.26 shows the profiles of the normalized droplet surface with time for a precursor
solution droplet of INN and ethanol of initial droplet radius of 5 µm at relative velocities
of 4 m/s (solid lines) and 8 m/s (dashed lines) for initial INN mass fractions of 0.0125
and 0.250 in an ambience of dry (relative humidity of 0 %) as well as humid air. The
relative humidity in air of 0 % (black and green lines), 5 % (red lines), and 10 % (blue
lines) are considered. The ambient air temperature of 400 K, which is below the
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Figure 3.26: Temporal variation of the normalized droplet surface area. Initial condi-
tions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar, Tg,0 = 400 K (Narasu et al. [76]).

thermal decomposition temperature of 403 K, is taken into account with the objective
of understanding the characteristics associated with the droplet-to-particle pathway,
see Fig 2.2. In this pathway, the liquids ethanol and water evaporate leaving behind
a solid particle. Figure 3.26b displays the zoomed view of Fig. 3.26a. In dry air, at
lower relative velocity of 4 m/s for initial INN mass fraction of 0.0250 (solid black
line), the INN/ethanol droplet evaporates at around 3.5 ms. As the initial INN mass
fraction is reduced to 0.0125 (solid green line), the size of the final particle formed
is smaller. For higher relative velocity of 8 m/s (dashed black and green lines), the
evaporation is faster due to the stronger convection rate. Increasing the relative
humidity to 5 % and 10 % results in initial increase of the profile of the normalized
droplet surface area due to condensation of water at the surface of the droplet, after
which enhanced evaporation of the droplet occurs followed by retarded evaporation,

-20

-10

 0

 10

 20

 30

 40

 0  1  2  3  4  5  6  7  8

EtOH: solid

 H2O: dashed

u0: 4 m/s, RH: 0.00
u0: 4 m/s, RH: 0.05
u0: 4 m/s, RH: 0.10
u0: 8 m/s, RH: 0.10

m.
 ×

 1
0

-1
1
 [
k
g
/s

]

t [ms]

Figure 3.27: Temporal variation of the
mass evaporation rates of ethanol and wa-
ter. Initial conditions: rd,0 = 5 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s,
Tg,0 = 400 K, YIN,0 = 0.014, YH2O,0 = 0.011,
YEtOH,0 = 0.975 (Narasu et al. [76]).

see Fig. 3.26b. In Fig. 3.26b, the black
lines are only visible, since the black and
green curves almost coincide with each
other. The profile of the normalized
droplet surface area, see Fig. 3.26b, at
relative velocity of 8 m/s intersects at
approximately 1.7 ms, as shown in the
zoomed view of Fig. 3.26b. For relative ve-
locity of 4 m/s, the intersection occurs at
around 2 ms because of the slower droplet
evaporation caused due to the reduced
convection rate. Also, the deviation of
the normalized droplet surface area pro-
file from the classical d2 law, due to the
variable liquid properties, is visible from
the differences in the slopes before and
after around 2 ms in humid air.

The mass evaporation rates of both
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YEtOH,0 = 0.975.

Figure 3.28: Temporal variation of the species mass fractions and temperature at the
surface of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, Tg,0 = 400 K, RH = 0 % (Narasu et al. [76]).

ethanol (solid lines) and water (dashed lines) are presented in Fig. 3.27, for the same
initial conditions of Fig. 3.26 for initial mass fraction of INN of 0.025. In dry air (black
lines), the rates of evaporation of the ethanol component is higher than that of the water
component due to the higher volatility of ethanol. This shows evidence of preferential
evaporation of ethanol followed by water evaporation, that leads to decrease of the
normalized droplet surface area, see Fig. 3.26b. In humid air, condensation of water
occurs at the droplet surface, as seen from the negative mass evaporation rates of
the water component, that leads to enhanced ethanol evaporation, which is stronger
at higher relative velocity of 8 m/s and higher relative humidity of 10 %, and thus,
causes more pronounced reduction of the normalized droplet surface area profile, see
Fig. 3.26b. The water condensation is terminated at around 2 ms, after which the
evaporation process is dominated by that of the water component. The condensation of
water at the droplet surface results in increase of the droplet temperature and enhanced
evaporation of the ethanol component, which is more pronounced at the higher relative
velocity of 8 m/s when compared to that of 4 m/s, and thus leads to reduced droplet
lifetime.

Figure 3.28 shows the profiles of the temperature and species mass fractions at
the surface of the droplet for the initial conditions of Fig. 3.26 at relative velocity
of 4 m/s and initial INN mass fractions of 0.0125 and 0.0250 in an ambience of dry
air. Initially, the droplet heats up and the temperature (red line) at the surface of
the droplet increases and the preferential evaporation of ethanol (black line) occurs
owing to its higher volatility, which results in the increase of water content (blue line).
Further, a second increase of the droplet surface temperature occurs during which
the ethanol and the water are almost completely evaporated, and the iron(III) nitrate
particle is formed. For initial INN mass fractions of 0.0125, see Fig. 3.28a, and 0.025,
see Fig. 3.28b, total process times are independent of the initial INN mass fraction,
since the evaporation of ethanol and water dominates the overall process. However,
the radius of the final particle left behind for initial mass fraction of INN of 0.0125
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Figure 3.29: Temporal variation of the species mass fractions and temperature at the
surface of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 8 m/s, Tg,0 = 400 K, RH = 0 % (Narasu et al. [76]).
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Figure 3.30: Temporal variation of the species mass fractions and temperature at the
surface of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, Tg,0 = 400 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975 (Narasu et al.
[76]).

is 847 nm which is smaller than that of 1067 nm for the initial INN mass fraction
of 0.250. At relative velocity of 8 m/s, see Figure 3.29, the process times reduce in
comparison with those at 4 m/s, because of the enhanced evaporation due to the
stronger convection rate, whereas the final particle sizes are not affected.

Figure 3.30 displays the temporal evolution of the species mass fractions and the
droplet surface temperature for the conditions of Fig. 3.28b at relative humidities of
5 % and 10 %. In comparison with the heating and evaporation characteristics in dry
air, the initial increase of the droplet surface temperature is higher in an ambience
of humid air. Also, the final temperature reached by the droplet surface is higher
than that attained in dry air and also higher than the boiling points of both the
liquid components. The reason for these differences in the droplet temperature is the
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(a) Total process time. (b) Final particle radius.

Figure 3.31: Histograms showing the total process time and the final particle radius
for different initial droplet radii and INN mass fractions of 0.0125 and 0.025. Initial
conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, RH = 0 % (Narasu
et al. [76]).

(a) Total process time. (b) Final particle radius.

Figure 3.32: Histograms showing the total process time and the final particle radius
for different initial droplet radii and relative humidities of 0 %, 5 %, and 10 % in air.
Initial conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 400 K, YIN,0 = 0.014,
YH2O,0 = 0.011, YEtOH,0 = 0.975 (Narasu et al. [76]).

condensation of water at the surface of the droplet, as seen with the negative water
evaporation rates in Fig. 3.27, as was discussed before. Further, the overall process time
is strongly prolonged in humid air, but the size of the final particle is hardly affected.
The final temperature attained by the surface of the droplet is closer to the ambient air
temperature that results in reduced heat transfer rate between the ambience and the
droplet, and thus retards the process of evaporation, as seen from the almost constant
normalized droplet surface area at the end of the process time in Fig. 3.26.

Figure 3.31 shows the total process times and the final particle radii for different
initial droplet radii of 1 µm, 2 µm, and 5 µm for initial mass fractions of INN of
0.0125 (blue) and 0.0250 (red) at relative velocity of 4 m/s in dry air. With the increase
in the initial droplet size, the overall process time is prolonged for both the initial INN
mass fractions because of the prolonged droplet heating and evaporation time due to
the larger mass of the liquid to be evaporated, see Fig.3.31a. However, the total process
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time does not vary with respect to the initial amount of INN in the precursor solution
since the overall process is dominated by the evaporation of the liquid components.
The size of the final particle increases with the increase in the initial droplet size
and is larger for the higher initial INN mass fraction, see Fig.3.31b. The influence of
humidity on the total process times and the final particle radii are presented in Fig. 3.32
for different initial droplet radii of 1 µm, 2 µm, and 5 µm at relative humidities of
0 % (blue), 5 % (red), and 10 % (green) for relative velocity of 4 m/s. With larger
amount of water in the ambience, the process times are increased strongly for all the
different droplet sizes, see Fig. 3.32a. In dry air, the final temperature reached by
the droplet surface is lower than that attained in humid air, as was discussed before.
Therefore, the final particle formed in an ambience of dry air is at a lower temperature
as compared to that in humid air. As temperature decreases, the density of iron(III)
nitrate also decreases [97]. Hence, the size of the final particle left behind in dry air is
around 1.7 % larger than that in humid air, see Fig. 3.32b. Thus, the overall process
time depends on both the initial droplet size and the relative humidity whereas the
size of the final particle formed is governed by both the initial droplet radius and the
initial composition of the precursor in the solution.

The particles formed via the droplet-to-particle pathway have radii roughly between
150 nm and 1,000 nm for the conditions investigated in this study. Since the target of
FSP is to produce particles of much more smaller sizes from the gas phase, the droplet
into gas phase approach is discussed next, where the process of droplet evaporation is
coupled with thermal decomposition.

3.3.2 Droplet into Gas Phase Pathway

In this section, in order to understand the process of thermal decomposition in ad-
dition to the heating and evaporation of the precursor solution droplet, ambient air
temperatures above the thermal decomposition temperature Tth of 403 K are chosen.
Therefore, the ambient gas temperatures of 800 K and 1200 K are considered in the
present study.

Figure 3.33 shows the profiles of the temporal variation of the normalized droplet
surface area and the mass evaporation rate of a pure ethanol droplet, ethanol/water
droplet, and INN/ethanol droplet of initial radius of 5 µm at relative velocity of
4 m/s for ambient gas temperature of 1200 K in dry air. Both the ethanol/water
droplet and the INN/ethanol droplet are composed of initial ethanol mass fraction
of 0.975, which corresponds to initial mass fractions of water and INN of 0.025 for
ethanol/water droplet and INN/ethanol droplet, respectively. During the initial heating
period, droplet expansion occurs, see Fig. 3.33a, followed by quasi-steady evaporation
where the ethanol component evaporates preferentially, owing to its higher volatility
as compared to that of water, after which the evaporation of the water component
occurs. For pure ethanol droplet and ethanol/water droplets, complete evaporation
of the droplet occurs whereas for INN/ethanol droplet, thermal decomposition occurs.
Initially, the evaporation is enhanced for the pure ethanol droplet, as can be seen from
the maximum peak value attained for the mass evaporation rate, see Fig. 3.33b. Due
to higher volatile nature of ethanol, the peak is attained earliest for the pure ethanol
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Figure 3.33: Temporal variation of the normalized droplet surface area and mass
evaporation rate. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K. EtOH: YEtOH,0 = 1.0. EtOH/H2O: YEtOH,0 = 0.975, YH2O,0 = 0.025.
INN/EtOH: YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu et al.
[76]).
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Figure 3.34: Temporal variation of the species mass fractions and temperature at the sur-
face of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p= 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu et al.
[76]).

droplet as compared to that of ethanol/water droplet and INN/ethanol droplet. In the
case of INN/ethanol droplets, the overall process is faster as compared to the other two
droplets due to the occurrence of thermal decomposition, which is more enhanced for
the present conditions studied. Details regarding the process of thermal decomposition
are discussed later.

Figure 3.34 displays the temporal evolution of the temperature and the species mass
fractions at the surface of the droplet for a single INN/ethanol droplet of initial droplet
radius of 5 µm at relative velocity of 4 m/s for ambient gas temperature of 1200 K and
initial mass fraction of INN of 0.025 in an ambience of dry air. Initially, the droplet
heats up which causes the initial increase of the droplet surface temperature (red line)
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Figure 3.35: Temporal variation of the species mass fractions and temperature at the sur-
face of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p= 1 bar, u0 = 4 m/s,
Tg,0 = 800 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu et al.
[76]).
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Figure 3.36: Temporal variation of the species mass fractions and temperature at the sur-
face of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p= 1 bar, u0 = 8 m/s,
Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu et al.
[76]).

and further, the higher volatile ethanol (black line) evaporates followed by evaporation
of the water (blue line) component. The second increase of the droplet temperature
occurs and as it reaches the thermal decomposition temperature of 403 K, the iron(III)
nitrate (solid green line) starts to decompose into the gas phase. Once the ethanol and
water are completely evaporated at around 0.388 ms, thermal decomposition is the only
process occurring in the system, during which the temperature is constant since the
final temperature attained by the droplet surface is determined by the process of droplet
evaporation, see Fig. 3.34b which provides zoomed view of Fig. 3.34a. Decreasing the
ambient gas temperature to 800 K, see Fig. 3.35, lowers the final droplet temperature
reached by the surface of the droplet by about 30 K and the overall process is strongly
prolonged due to the reduced heat transfer between the gas and the liquid phases.
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Figure 3.37: Temporal variation of the species mass fractions and temperature at the
surface of the droplet. Initial conditions: rd,0 = 25 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu et al.
[76]).
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Figure 3.38: Temporal variation of the species mass fractions and temperature at the sur-
face of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p= 1 bar, u0 = 4 m/s,
Tg,0 = 800 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 10 % (Narasu et al.
[76]).

For ambient temperature of 1200 K, as the relative velocity is increased to 8 m/s, see
Fig. 3.36, the process of evaporation is enhanced due to the stronger convection rate and
the final temperature attained by the droplet surface is reduced by approximately 5 K.
For larger droplet radius of 25 µm at relative velocity of 4 m/s, see Fig. 3.37, the total
process times are prolonged for both ambient temperatures of 800 K and 1200 K, since
the heating and evaporation times are prolonged due to the larger amount of liquid
to be evaporated. Further, the final droplet surface temperatures reached during the
process of evaporation is lowered considerably for both the ambient gas temperatures.
For lower ambient air temperature of 800 K, see Fig. 3.37a, the overall process is
dominated by the thermal decomposition with respect to the total process time whereas
droplet evaporation is the dominating factor at higher ambient temperature of 1200 K,
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Figure 3.39: Temporal variation of the species mass fractions and temperature at the sur-
face of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p= 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 10 % (Narasu
et al. [76]).

see Fig. 3.37b. In depth analysis regarding the interaction between the processes of
droplet evaporation and thermal decomposition is provided in the upcoming sections.

Figure 3.38 presents the profiles of the species mass fractions and temperature at
the droplet surface for INN/ethanol droplet of initial radius of 5 µm at relative velocity
of 4 m/s at ambient gas temperature of 800 K for initial mass fraction of INN of 0.025
in an ambience with relative humidity of 10 %. In humid air, condensation of water
occurs at the surface of the droplet, as was discussed in the previous section 3.3.1.
Initially, the water condensation at the droplet surface leads to enhanced evaporation of
the ethanol component due to the increased droplet surface temperature. This results
in decrease of the ethanol mass fraction inside the droplet and also increase of the
mass fraction of water. After the quasi-steady evaporation phase, the second increase
of the droplet temperature occurs where the thermal decomposition temperature of
403 K is breached and eventually, causes the thermal decomposition of iron(III) nitrate
transferring the precursor droplet entirely into the gas phase. In humid air, the process
of evaporation is prolonged as compared to that in dry air. But, the final droplet
temperature attained in an ambience of humid air is higher than that reached in dry
air, which leads to faster thermal decomposition. At higher ambient temperature of
1200 K, see Fig. 3.39, the time taken for the liquid components to evaporate completely
is reduced by a factor of two because of the increased heat transfer rate. Also, faster
thermal decomposition takes place due to the higher final droplet surface temperature
attained in humid air.

The rate of thermal decomposition, see Eq. 2.21, depends on the final temperature
attained by the droplet surface as well as on the INN concentration through the term α,
which is defined through Eq. 2.20. The kinetic rate coefficient varies exponentially
with respect to the temperature, see Eq. 2.22. Therefore, the dependence of the rate
coefficient on temperature is stronger than than that on mixing. Figure 3.40 displays
the kinetic rate constant of the thermal decomposition, where the solid line represents
the chemical kinetic rate coefficient versus the temperature. The symbols refer to the
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Figure 3.40: Thermal decomposition rate coefficient kth with temperature and the final
temperature attained by the surface of the droplet for various initial conditions (Narasu
et al. [76]).
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Figure 3.41: Rate of thermal decomposition
versus α for various temperatures (Narasu
et al. [76]).

final temperature reached at surface of the
droplet for the different initial conditions
investigated in this study. Figure 3.40a
shows the results in dry air and Fig. 3.40b
displays the results in an ambience of hu-
mid air with relative humidity of 10 %.
For INN/ethanol droplets of initial radius
of 5 µm at relative velocity of 4 m/s for
initial mass fraction of INN of 0.025 at am-
bient temperatures of 800 K and 1200 K
in humid air with relative humidity of
10 %, the final droplet surface tempera-
ture attained is shown in Fig. 3.40a also,
for the purpose of reference. Please note

that the final droplet temperatures reached in humid air are shown using larger symbols
and that attained in dry air are marked using smaller symbols.

In an ambience of dry air, see Fig. 3.40a, at higher relative velocity of 8 m/s (open
symbols), the droplet evaporation is enhanced because of the stronger convection rate
which results in lower final droplet surface temperature and thus, the corresponding
reaction rate coefficient is smaller as compared to that at 4 m/s (filled symbols). For
larger initial droplet sizes, the droplet heating and evaporation is prolonged which
results in lower final droplet temperature and therefore, smaller reaction rate coefficient.
At lower ambient gas temperature of 800 K (black color), the heat transfer rate
is reduced which results in the droplet reaching lower final temperature and hence,
the corresponding rate coefficient values are also smaller as compared to ambient
temperature of 1200 K (red color). In humid air with relative humidity of 10 %,
seeFig. 3.40b, the final droplet temperatures and the reaction rate coefficients are
larger, especially for the smaller droplets. For the same initial droplet radii, variation
of the other parameters has very small effect on the final droplet surface temperature
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(a) u0 = 4 m/s. (b) u0 = 8 m/s.

Figure 3.42: Histograms showing the total process time for different initial droplet
radii and ambient air temperatures of 800 K and 1200 K in dry air. Initial condi-
tions: Tl,0 = 293.15 K, p = 1 bar, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975,
RH = 0 % (Narasu et al. [76]).

(a) u0 = 4 m/s. (b) u0 = 8 m/s.

Figure 3.43: Histograms showing the total process time for different initial droplet
radii and and ambient air temperatures of 800 K and 1200 K in humid air. Initial
conditions: Tl,0 = 293.15 K, p = 1 bar, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975,
RH = 10 % (Narasu et al. [76]).

and the corresponding rate coefficient, as can be seen from the overlap between the
symbols.

Figure 3.41 presents the variation of the rate of thermal decomposition with α,
which ranges from zero to unity over the course of thermal decomposition during
which the droplet surface temperature increases so that the dependence of the thermal
decomposition rate on the mixing is the strongest during the initial period of the
thermal decomposition. The dependence of the rate of thermal decomposition on
the final droplet surface temperature and mixing strongly influence the process times,
which is analyzed next.

Figure 3.42a displays the variation of the total process time for different initial
droplet radii of 5 µm, 10 µm, and 25 µm for ambient gas temperatures of 800 K (blue)
and 1200 K (red) at relative velocity of 4 m/s in dry air. As the initial droplet radius
is increased, the total process time is prolonged for both ambient temperatures due
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Figure 3.44: Pie charts showing the contributions to the total process time in dry air.
Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, YIN,0 = 0.014,
YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu et al. [76]).

to the prolonged droplet heating and evaporation time for larger droplets and also
because of the lower final droplet surface temperatures attained, see Fig. 3.40a, which
slows down the process of thermal decomposition. At lower ambient air temperature
of 800 K, the overall process is prolonged for all the different droplet sizes because of
the reduced heat transfer rate and the lower final droplet temperatures. Doubling the
relative velocity to 8 m/s, see Fig. 3.42b, enhances the droplet evaporation [73, 49, 72]
but strongly increases the total process time owing to the slower thermal decomposition
rate because of the lower temperatures reached by the droplet surface. Figure 3.43
shows the total process times for the conditions of Fig. 3.42 in humid air with relative
humidity of 10 %. In an ambience of humid air, the process of evaporation is slowed
down due to the condensation of water at the surface of the droplet, which also results
in higher final droplet surface temperatures, see Fig. 3.40b, that fastens the thermal
decomposition process and thus, reduces the overall process time in comparison with
that of dry air.

Figure 3.44 presents the pie chart showing the contribution of the evaporation
time, τevap (blue), the thermal decomposition time, τth (red), and the overlap time,
τoverlap (purple). The evaporation time denotes the time taken for the complete
evaporation of the liquid components, the thermal decomposition time represents the
time period during which the iron(III) nitrate decomposes into the gas phase, and the
overlap time is the time during which both the processes of evaporation and thermal
decomposition occur simultaneously. The results are shown for INN/ethanol droplet of
initial radius of 5 µm at relative velocity of 4 m/s for initial mass fraction of INN of
0.025 for both ambient gas temperatures of 800 K and 1200 K in dry air. At ambient
temperature of 800 K, the thermal decomposition dominates the overall process due
to the lower final droplet temperatures reached by the surface of the droplet, see
Fig. 3.40a, which prolongs the process of thermal decomposition. For higher ambient
temperature of 1200 K, the droplet evaporation is the dominating factor because of the
higher final droplet surface temperatures. Increasing the relative velocity to 8 m/s, see
Fig. 3.45, the thermal decomposition becomes much more influential as compared to at
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Figure 3.45: Pie charts showing the contributions to the total process time in dry air.
Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 8 m/s, YIN,0 = 0.014,
YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu et al. [76]).

Figure 3.46: Pie charts showing the contributions to the total process time in humid air.
Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, YIN,0 = 0.014,
YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 10 % (Narasu et al. [76]).

4 m/s, since much more lower final temperatures are attained by the droplet surface,
which slows down the thermal decomposition process further. Therefore, at ambient
air temperature of 800 K, the thermal decomposition becomes more dominant and at
1200 K, droplet evaporation still remains as the domination factor albeit with lesser
influence. In an ambience of humid air with relative humidity of 10 % at relative
velocity of 4 m/s, see Fig. 3.46, droplet evaporation dominates the total process at
both ambient temperatures of 800 K and 1200 K, due to the water condensation at
the droplet surface which retards the evaporation process, and also because of the
higher final droplet surface temperatures, see Fig. 3.40b, which fastens the process
of thermal decomposition. Also, the droplet evaporation and thermal decomposition
overlap with each other and the thermal decomposition time is very short as compared
to that in dry air. Please note that although the results shown in Figs. 3.44 - 3.46, are
for INN/ethanol droplet of initial radius of 5 µm, these are also valid for the other
droplet sizes considered in this study even though there are differences with respect to
the absolute values, as displayed in Figs. 3.42 - 3.43.

The processes of heating, evaporation, and thermal decomposition that a precursor
solution droplet of INN/ethanol undergo are strongly connected with each other and
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depend on the final temperature reached by the surface of the droplet. The relative
humidity in the ambience has a strong impact on all these processes. Condensation of
water at the surface of the droplet enhances the evaporation of ethanol, but retards
the overall evaporation process, and high droplet surface temperatures are attained
which fastens the thermal decomposition process owing to the exponential dependence
of thermal decomposition rate coefficient with respect to temperature.

The influence of different parameters on the characteristics of heating, evaporation,
and thermal decomposition were presented in this section, except for the impact of
varying the initial loading of the precursor, which is focused upon in the next section.

Influence of initial precursor loading

In this section, for a precursor solution droplet, the impact of varying the initial
precursor loading on the characteristics of the droplet into gas phase pathway is
explored. For that purpose, in addition to the mass fraction of INN of 0.025 studied
before, the initial INN mass fractions of 0.0125 and 0.20 are also taken into consideration
in the present study, following the experimental study of Schneider et al. [29].

Figure 3.47 presents the evolution of the profiles of the normalized droplet surface
area, the mass evaporation rates of both the liquid components, and the temperature
at the surface of the droplet with time for a single INN/ethanol droplet of initial radius
of 5 µm of initial INN mass fraction of 0.200 at relative velocities of 4 m/s (dark
color) and 8 m/s (light color) for ambient gas temperatures of 800 K (solid lines) and
1200 K (dashed lines) in dry air. During the initial heating period, the precursor
solution droplet expands initially, as seen in the normalized droplet surface area profile
of Fig. 3.47a, due to the variable physical properties employed in the model. During this
time period, the droplet surface temperature (red line) increases, see Fig. 3.47b, after
which the quasi-steady evaporation occurs during which the temperature remains more
or less constant. Also, the higher volatile ethanol evaporates preferentially which is

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7

  800 K

1200 K

dark 4 m/s

light 8 m/s

(d
/d

0
)2

 [
-]

t [ms]

(a) Normalized droplet surface area.

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7
 250

 300

 350

 400

 450

 500C2H5OH

H2O

Ts

  800 K

1200 K

Dark 4 m/s

Light 8 m/s

m.
 ×

 1
0

-9
 [
k
g
/s

]

T
s
 [
K

]

t [ms]

(b) Mass evaporation rates and Ts.

Figure 3.47: Temporal variation of the normalized droplet surface area, mass evap-
oration rates, and droplet surface temperature, Ts. Initial conditions: rd,0 = 5 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s and 8 m/s, Tg,0 = 800 K and 1200 K, YIN,0 = 0.12,
YH2O,0 = 0.08, YEtOH,0 = 0.80, RH = 0 % (Narasu and Gutheil [123]).
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Figure 3.48: Temporal variation of the species mass fractions and temperature at the
surface of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, Tg,0 = 800 K and 1200 K, YIN,0 = 0.12, YH2O,0 = 0.08, YEtOH,0 = 0.80,
RH = 0 % (Narasu and Gutheil [123]).

evident from the peak attained by the mass evaporation rate of the ethanol component
followed by water evaporation. Further, a second increase of the droplet temperature
occurs which enhances the evaporation of the water component, and as the temperature
reaches the thermal decomposition temperature of 403 K, the decomposition of iron(III)
nitrate is initiated. For higher relative velocity of 8 m/s, the process of evaporation is
enhanced because of the stronger convection rate, and the final temperature reached
by the surface of the droplet is lower by around 10 K as compared to at lower relative
velocity of 4 m/s. Also, for higher ambient temperature of 1200 K, the evaporation of
the liquid components are faster and the final droplet surface temperatures attained are
increased by about 30 K when compared with that of the lower ambient temperature
of 800 K. These differences in the final droplet temperatures strongly influence the
thermal decomposition process, which is discussed later.

The temporal variation of the species mass fractions and the droplet surface
temperature are displayed in Fig. 3.48, for a droplet consisting of the precursor/solvent
system of INN/ethanol of initial droplet radius of 5 µm at relative velocity of 4 m/s for
higher initial mass fraction of INN of 0.200 at ambient gas temperatures of 800 K and
1200 K. During the initial unsteady heating period, the droplet surface temperature
increases, followed by the quasi-steady evaporation phase where the ethanol content
decreases, due to the preferential evaporation of the ethanol component owing to its
higher volatility, that contributes to the increase of the mass fraction of water. The
ethanol and water are completely evaporated after the second major increase of the
droplet temperature. Also, the iron(III) nitrate starts to decompose into the gas phase
as soon as the droplet temperature reaches the thermal decomposition temperature.
As the liquid components are completely evaporated, thermal decomposition is the
only process that occurs and continues until the complete transfer of the precursor
droplet into the gas phase. For lower ambient air temperature of 800 K, see Fig. 3.48a,
the overall process is prolonged since the heat transfer rate between the ambience and
the droplet is reduced as compared to that for ambient temperature of 1200 K, see



CHAPTER 3. RESULTS AND DISCUSSION 65

 0

 1

 2

 3

 4

 5

 440  450  460  470  480  490  500  510

1200 K
  800 K

  5 µm
10 µm
25 µm

0.0125
0.0250
0.2000

4 m/s
8 m/s

k
th

 ×
 1

0
5
 [
1
/s

]

T [K]

(a) Normal view.

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 440  450  460  470  480

1200 K
  800 K

  5 µm
10 µm
25 µm

0.0125
0.0250
0.2000

4 m/s
8 m/s

k
th

 ×
 1

0
5
 [
1
/s

]

T [K]

(b) Zoomed view.

Figure 3.49: Thermal decomposition rate coefficient kth with temperature and the final
temperature attained by the surface of the droplet for various initial conditions (Narasu
and Gutheil [123]).

Fig. 3.48b. Further, the thermal decomposition is the dominating factor with respect to
the total process time at ambient temperature of 800 K whereas the process of droplet
evaporation is more influential at high-temperature ambience of 1200 K, which is the
reason for the difference in the overall process time of approximately 10.5 ms.

The dependence of the kinetic rate coefficient on the temperature is presented
in Fig. 3.49 along with the final temperature attained by the surface of the droplet
for various initial conditions explored in the present study. The solid line represents
the kinetic rate coefficient whereas the symbols denote the final droplet temperature.
For higher ambient temperature of 1200 K, large symbols are used and the condition
of the low-temperature ambience of 800 K is represented by small symbols. Also,
for better resolution of the lower temperature condition, Fig. 3.49b provides with a
zoomed view of Fig. 3.49a. At higher ambient temperature of 1200 K, the final droplet
surface temperature reached is higher owing to the increased heat transfer rate, and
thus the corresponding rate coefficients are also higher which leads to faster thermal
decomposition as compared to that at lower ambient temperature of 800 K. For larger
sized droplets, the prolonged droplet heating and evaporation time leads to lower final
droplet temperatures that slows down the thermal decomposition process. Increasing
the relative velocity from 4 m/s (filled symbols) to 8 m/s (open symbols) results
in faster evaporation of the droplet due to enhanced convection rate, which reduces
the droplet temperature and therefore, prolongs thermal decomposition. With the
increase of the initial mass fraction of INN to 0.200 (green color), the precursor solution
droplet evaporates faster and thus, results in the droplet surface attaining temperatures
smaller than those for the smaller initial INN mass fractions of 0.0125 (blue) and
0.025 (red), eventually causing prolonged thermal decomposition. Hence, the final
temperature reached by the surface of the droplet during the process of evaporation
and the corresponding kinetic rate coefficient influences the total time taken for the
completion of the entire process, which is analyzed in detail next.

Figure 3.50 displays the total process times for different initial droplet radii of
5 µm, 10 µm, and 25 µm for the initial INN mass fractions of 0.0125, 0.025, and
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(a) u0 = 4 m/s. (b) u0 = 8 m/s.

Figure 3.50: Histograms showing the total process time for different initial droplet
radii and initial INN mass fractions of 0.0125, 0.025, and 0.200. Initial conditions:
Tl,0 = 293.15 K, p = 1 bar, Tg,0 = 800 K, RH = 0 % (Narasu and Gutheil [123]).

(a) u0 = 4 m/s. (b) u0 = 8 m/s.

Figure 3.51: Histograms showing the total process time for different initial droplet
radii and initial INN mass fractions of 0.0125, 0.025, and 0.200. Initial conditions:
Tl,0 = 293.15 K, p = 1 bar, Tg,0 = 1200 K, RH = 0 % (Narasu and Gutheil [123]).

0.200 at relative velocities of 4 m/s and 8 m/s for ambient temperature of 800 K. The
overall process times are prolonged with the increase in the initial droplet size, due to
the prolonged droplet heating and evaporation time and the lower final temperatures
reached by the surface of the droplet, see Fig. 3.49, that prolongs the process of thermal
decomposition. For higher ambient gas temperature of 1200 K, see Fig. 3.51, the overall
process times are much shorter than at lower ambient air temperature of 800 K, due to
the enhanced evaporation and the higher final temperatures that fastens the thermal
decomposition process. At lower ambient temperature of 800 K, for the higher relative
velocity of 8 m/s, see Fig. 3.50b, the droplets evaporate faster but the total process
times are longer compared to lower velocity of 4 m/s, see Fig. 3.50a, because of the
prolonged thermal decomposition owing to the lower final droplet surface temperatures.
But, for higher ambient air temperature of 1200 K, the total process times become
shorter at higher relative velocity for initial INN mas fractions of 0.0125 (blue color) and
0.025 (red color), see Fig. 3.51b. The reason for this behavior is that at higher ambient
gas temperature of 1200 K, droplet evaporation is the dominating factor whereas
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(a) u0 = 4 m/s. (b) u0 = 8 m/s.

Figure 3.52: Histograms showing contributions to the total process times for different
initial INN mass fractions of 0.0125, 0.025, and 0.200 at various ambient gas tempera-
tures. Initial conditions: rd,0 = 25 µm, Tl,0 = 293.15 K, p = 1 bar, RH = 0 % (Narasu
and Gutheil [123]).

thermal decomposition dominates the overall process at low-temperature ambience of
800 K, as was discussed before. For the highest initial INN mass fraction of 0.200 (green
color), since lower final temperatures are reached by the surface of the droplet, the
process of thermal decomposition is prolonged, that results in small increase of the total
process time. At lower ambient temperature of 800 K, as the initial precursor mass
fraction is increased from 0.0125 to 0.025 and 0.200, the process times are prolonged due
to the faster evaporation that results in reduced final temperatures and thus, prolonged
thermal decomposition. However, at higher ambient temperature of 1200 K, increasing
the initial precursor loading results in shorter total process time. This shows that there
must exist an intermediate temperature, T+, at which this effect is reversed. The total
process time with respect to the heating, evaporation, and thermal decomposition of
the precursor solution droplet contributes to the overall process time of the synthesis of
nanoparticles via flame spray pyrolysis. Therefore, evaluating T+ would be beneficial
in choosing the conditions for flame spray pyrolysis, which is discussed next.

Figure 3.52 displays the evaporation times, τevap (filled region), thermal decomposi-
tion times, τth (shaded region), and the total process times, τtot, for different ambient
gas temperatures ranging from 1000 K to 1200 K, for INN/ethanol droplet of initial
radius of 25 µm at relative velocities of 4 m/s and 8 m/s for initial mass fractions of
INN of 0.0125 (blue color), 0.025(red color), and 0.200 (green color). At lower relative
velocity of 4 m/s, see Fig. 3.52a, the overall process time for initial mass fraction of
INN of 0.200 is longer than that for initial INN mass fraction of 0.025 at ambient
temperature of 1000 K. As the ambient air temperature is increased, this difference in
the total process time between the initial mass fractions of 0.200 and 0.025 decreases
due to the disparities in the evaporation and thermal decomposition times, as discussed
before. This behavior is reversed at around T+ of 1060 K as the total process time of
the larger initial INN mass fraction becomes shorter than that of the smaller initial
mass fraction of INN. For initial mass fractions of INN of 0.0125 and 0.200, the value
of T+ is approximately 1050 K and for INN mass fractions of 0.0125 and 0.025, T+

is about 1010 K. The final temperature reached by the surface of the droplet during
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Figure 3.53: T+ plotted against relative
velocity for different initial INN mass frac-
tions. Initial conditions: Tl,0 = 293.15 K,
p = 1 bar, RH = 0 % (Narasu and Gutheil
[124]).

the process of evaporation and the
corresponding kinetic rate coefficient,
see Fig. 3.49, are the reasons responsible
for such a behavior. At higher ambient
gas temperature of 1200 K, the droplet
evaporation is shortened due to the in-
creased heat transfer between the ambi-
ence and the droplet, that leads to higher
droplet surface temperatures and there-
fore, reduces the thermal decomposition
time. Also, as the initial precursor load-
ing is increased, the droplet evaporates
faster resulting in lower droplet tempera-
tures and thus, causes prolonged thermal
decomposition. Further, at higher rela-
tive velocity of 8 m/s, see Fig. 3.52b, the

stronger convection results in shorter droplet evaporation times, and the lower final
droplet surface temperatures lead to more prolonged thermal decomposition. Hence,
T+ at relative velocity of 8 m/s is higher than that at 4 m/s, for the various precursor
mass fractions investigated in this study.

Figure 3.53 presents the T+ values for the various initial precursor mass fractions
considered in this study at relative velocities of 4 m/s and 8 m/s. Increasing the initial
precursor loading leads to higher values of T+ for both relative velocities, because
of the faster evaporation process that results in the droplet surface attaining lower
final temperatures as well as smaller rate coefficient values, thus slowing down the
process of thermal decomposition more than that for the smaller mass fraction of the
precursor. Also, at relative velocity of 8 m/s, the T+ values are higher by about 100 K
as compared to that at lower relative velocity of 4 m/s. It is to be noted that the even
though T+ changes with respect to the variation of the initial precursor loading as
well as the relative velocity between the droplet and the ambience, it is independent
of the choice of the initial droplet size considered in this study. Further, an ambient
temperature higher than T+ is recommended to be selected so as to keep the overall
process times short.

The droplet heating, evaporation, and thermal decomposition characteristics of
the precursor/solvent droplet are parameterized using polynomial fits for use in more
complex simulations of flame spray pyrolysis, which is presented in the next section.

3.3.3 Parameterization of the Numerical Results

There exists some similarity regarding the numerical results of the heating, evaporation,
and thermal decomposition of a precursor solution droplet, presented in the previous
sections, which could be utilized for the purpose of parameterization, with the objective
of including these results in simulations related to sprays. The details of the procedure
are presented and discussed next.

The results discussed in the previous sections show that the profiles of the mass
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evaporation rates for ethanol and water, the droplet surface temperature, the nor-
malized droplet surface area, and the mass fraction of iron(III) nitrate show some
similarity, which motivates a parameterization of these variables for use in more complex
simulations of sprays. Therefore, the time is normalized by the droplet evaporation
time, tevap, and the thermal decomposition time, tth, the surface temperature Ts of the
droplet is normalized by the boiling temperature of the lower volatile component water,
TH2O,b, and the mass evaporation rates ṁi of the two components i are normalized by
the initial droplet mass, m0 divided by the droplet evaporation time. Thus, for the
purpose of parameterization, the non-dimensionalized quantities read as

τevap =
t

tevap
(3.1)

Ts =
Ts

TH2O,b

(3.2)

Ṁi =
ṁi

m0/tevap
, i = 1, 2 (3.3)

τth =
t

tth
(3.4)

where tevap is the droplet evaporation time, tth stands for the thermal decomposition
time, TH2O,b, represents the boiling temperature of the lower volatile component water,
and m0 denotes the initial droplet mass calculated as m0 = 4/3πr3d,0 ρ0, where the den-
sity of the droplet is evaluated as ρ0 = YINN,0 ρ0,INN+(1−YINN,0) ρ0,C2H5OH. Please note
that the initial densities ρ0,i are computed at the initial droplet temperature [97]. Also,
τevap represents the dimensionless evaporation time, τth denotes the non-dimensionalized
thermal decomposition time, Ts stands for the dimensionless droplet surface tempera-
ture, and Ṁi, i = 1, 2 represents the normalized mass evaporation rates of the ethanol
and the water components. Further, parameterization of the normalized droplet surface
area and the iron(III) nitrate mass fraction, which are non-dimensional as per definition,
are also performed.

For Eqs. (3.1)-(3.4), the reference values are known a priori, except for the droplet
evaporation time and the thermal decomposition time. Relative velocity is the only
parameter that is related to time and known a priori. But, there exists no distinct
relation between the relative velocity and the characteristics of evaporation and thermal
decomposition that were discussed in the previous section. Another option is employing
the ratio of the square of the initial droplet radius and the mass diffusion coefficient,
which also does not show any evident dependence of the characteristics. Therefore, the
droplet evaporation time and thermal decomposition time are selected and are also
tabulated for the respective conditions considered in the study, which will be discussed
later in this section.

Analyzing the normalized results with respect to the evaporation characteristics,
the significant impact is exercised through the initial mass fraction of the precursor and
the ambient air temperature. The similarity is shown with regard to the different initial
droplet sizes and the relative velocities which are represented via the non-dimensional
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Figure 3.54: Normalized profiles of the droplet surface area, mass evaporation rates, and
droplet surface temperature with normalized droplet evaporation time τevap for different
initial droplet sizes. Initial conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s and
8 m/s, Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975, RH = 0 % (Narasu
and Gutheil [123]).
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Figure 3.55: Profiles of the mass fraction of iron(III) nitrate with normalized ther-
mal decomposition time τth for different initial droplet sizes. Initial conditions:
Tl,0 = 293.15 K, p = 1 bar, Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975,
RH = 0 % (Narasu and Gutheil [123]).

parameters, that include the initial droplet mass and the droplet evaporation times.
Figure 3.54a shows the profiles of the normalized droplet surface for initial droplet
radii from 5 µm to 25 µm and relative velocities of 4 m/s and 8 m/s, at ambient gas
temperature of 1200 K, for the initial mass fraction of INN of 0.025. For the same
conditions, Fig. 3.54b displays normalized profiles of the droplet surface temperatures
and the mass evaporation rates of ethanol and water. For the various initial droplet radii
considered in this study, the arithmetic mean of the normalized profiles is calculated
and presented in Fig. 3.54. For every numerical simulation, the total number of times
steps vary. Hence, for the purpose of evaluating the mean profile, the total number
of time steps was adjusted to ten thousand. For the droplet into gas phase pathway,
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the thermal decomposition of iron(III) nitrate occurs. With respect to the thermal
decomposition characteristics, the normalized results exhibited significant influence
via the the initial precursor mass fraction, the relative velocity, and the ambient
temperature. The similarity is demonstrated only for the various initial droplet radii
investigated in this study through the non-dimensionalized thermal decomposition
times, see Fig. 3.55. Figure 3.55a presents the mass fraction of iron(III) nitrate for
initial droplet radii from 5 µm to 25 µm for the initial mass fraction of INN of 0.025
at relative velocity of 4 m/s for the ambient air temperature of 1200 K. For the same
conditions, Fig. 3.55b displays profiles of the iron(III) nitrate mass fractions at relative
velocity of 8 m/s. In order to parametrize the numerical results, a polynomial fit is
employed for the averaged values, which is discussed next.

The mean evaporation characteristics are parametrized using polynomial fits, since
this approach works remarkably well to represent the numerical results [123]. A
polynomial degree of ten is chosen so that the approximation reads as

Γik =
10∑
j=0

aikjτevap
j
ik


k = 1 for Γi = (d/d0)

2

k = 1, 2 for Γi = Ts

k = 1, 2, 3 for Γi = ṀC2H5OH

k = 1, 2, 3 for Γi = ṀH2O.

(3.5)

Here, i denotes the parameter that is being approximated, j represents the polynomial
degree, and k stands for the number of polynomial fits that are necessary to describe
the parameter. Two polynomial fits are employed to describe the normalized droplet
surface temperature whereas three polynomial approximations are required to describe
the normalized profiles of the mass evaporation rates of ethanol and water. Also, the
normalized droplet surface area is described using only one polynomial approximation.
Further, although three polynomial approximations are required to describe the normal-
ized profiles of the mass evaporation rates of both the liquid components, the retrieval
may be carried out using only two of those fits, because the third approximation is valid
for only the last part of the normalized droplet evaporation time, which constitutes to
only about one percent of the total normalized droplet evaporation time. An exception
to this is the condition of the highest initial mass fraction of INN of 0.200, for which
all the three approximations are required.

Figure 3.56a shows the profile of the normalized droplet surface area with normalized
evaporation time fitted using the polynomial approximation, provided in Eq. 3.5, for
the mean curves shown in Fig. 3.54a, for initial mass fraction of INN of 0.025 at relative
velocities of 4 m/s and 8 m/s for ambient gas temperature of 1200 K. For the same
conditions, Fig. 3.56b displays the fitted normalized profiles of the droplet surface
temperature and the mass evaporation rates of ethanol and water. The colors red, blue,
and green represent the different polynomial fits used for the particular range, k, of the
normalized droplet evaporation time. For all the three initial precursor mass fractions
considered in the study, two polynomial fits are used to describe the profile of the
non-dimensionalized droplet surface temperature and three polynomial approximations
are required to capture the normalized profile of the dimensionless mass evaporation



3.3. IRON(III) NITRATE NONAHYDRATE/ETHANOL DROPLET 72

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9

 1
 1.1

 0  0.2  0.4  0.6  0.8  1

(d
/d

0
)2

 [
-]

τevap [-]

(a) Normalized droplet surface area. (b) Mass evaporation rates and Ts.

Figure 3.56: Fitted normalized profiles of the droplet surface area, mass evaporation
rates, and droplet surface temperature with normalized droplet evaporation time
τevap for different initial droplet sizes. Initial conditions: Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s and 8 m/s, Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975,
RH = 0 % (Narasu and Gutheil [123]).

rates of both the liquid components. Also, only one polynomial fit is employed to
describe the normalized droplet surface area profile. From Fig. 3.55, it is noticeable
that profile of the mean of the mass fraction of iron(III) nitrate is linear with the
normalized thermal decomposition time. Therefore, it is sufficient to provide with the
mean of the initial value of the mass fraction of iron(III) nitrate to describe the average
profile of the iron(III) nitrate mass fraction with the normalized thermal decomposition
time.

Knowing the boiling point of water, along with the droplet evaporation times and the
thermal decomposition times for each specific condition, as well as the normalization
parameters defined in Eqs. (3.1)–(3.4), it is possible to retrieve the profiles of the
normalized droplet surface area, the droplet surface temperature, the mass evaporation
rates of the ethanol and the water components as well as the mass fraction of iron(III)
nitrate. The particulars related to the retrieval of the simulation results is discussed
next.

The tabulation to retrieve the numerical simulation results for a single INN/ethanol
droplet of initial mass fraction of INN of 0.025 at an ambient gas temperature of 1200 K
is presented in Tab. 3.1. The first four rows of the first line of the data consists of the
names of the variables for which parameterization is performed, T s, mdot ethanol,
mdot water, and (d/d 0)2. The last two rows of the first line mentions the initial
INN mass fraction and the ambient air temperature for which the following data is
valid. Two polynomial fits are required to describe the droplet surface temperature
Ts, which are given in lines 2 to 5 in red color. The eleven polynomial coefficients of
Eq. (3.5) followed by their upper normalized droplet evaporation time limit of validity
is displayed in lines 2 and 3 as well as lines 4 and 5. The subsequent four lines in blue
color provide with the coefficients for the two polynomial fits required to describe the
the mass evaporation rate of ethanol along with their range of validity and the next four
black lines give the two polynomial sets for the mass evaporation rate of water. The
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Table 3.1: The polynomial coefficients for normalized droplet surface area, mass
evaporation rates, and droplet surface temperature along with the droplet evaporation
and thermal decomposition times for various initial conditions at Tg,0 = 1200 K and
YINN,0 = 0.025 (Narasu and Gutheil [123]).
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Figure 3.57: Temporal variation of the droplet surface area, mass evaporation rates,
and droplet surface temperature. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K,
p = 1 bar, u0 = 4 m/s, Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011, YEtOH,0 = 0.975,
RH = 0 % (Narasu and Gutheil [123]).

following two lines in green color give the same information for the normalized droplet
surface area. The next line in light blue color provides with two pairs of the relative
velocity in m/s and the corresponding initial value of the mass fraction of iron(III)
nitrate. Finally, the initial droplet radius and two pairs of the droplet evaporation time
and the thermal decomposition time for the relative velocities of 4 m/s and 8 m/s are
given in each of the last three lines, where the units of the droplet radii are in µm and
that of the droplet evaporation and thermal decomposition times are in ms.

The procedure for the retrieval of the original numerical simulation results is
explained for a single INN/ethanol droplet of initial radius of 5 µm at relative velocity
of 4 m/s for initial mass fraction of INN of 0.025 at ambient air temperature of 1200 K.
Firstly, the polynomial approximations given by Eq. (3.5) are employed to evaluate the
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Figure 3.58: Temporal variation of
the mass fraction of iron(III) ni-
trate. Initial conditions: rd,0 = 5 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K, YIN,0 = 0.014, YH2O,0 = 0.011,
YEtOH,0 = 0.975, RH = 0 % (Narasu and
Gutheil [123]).

mean values of the normalized parame-
ter using a normalized time step of 0.02.
For the mass evaporation rates of ethanol
and water, the third range of the polyno-
mial fit has the range of validity between
0.99 and 1.0 of the normalized evapora-
tion time, during which both the ethanol
and the water components are almost com-
pletely evaporated. Therefore, the third
polynomial approximation corresponding
to the normalized mass evaporation rates
of ethanol and water was neglected and
at the final time step, their value was con-
sidered to be zero. Thus, Figs. 3.57 and
3.58 show the profiles of the normalized
droplet surface area, the droplet surface
temperature, the mass evaporation rates
of ethanol and water, and the mass frac-

tion of iron(III) nitrate with time for an INN/ethanol droplet of initial radius of 5 µm
at relative velocity of 4 m/s for initial INN mass fraction of 0.025 at ambient gas tem-
perature of 1200 K, where the solid lines show the original numerical simulation results
and the dashed lines represent the curves that were evaluated using the polynomial
fits by taking into consideration the value of the boiling point of water, the droplet
evaporation time and the thermal decomposition time for the particular condition
studied, and the equations for the normalized parameters.

There are certain recommendations that are to be taken into consideration for using
the dataset provided in this study, in order to make sure that there is no loss of precision
with respect to the evaluated profiles of the parameters. The given values of the droplet
evaporation time and the thermal decomposition time are to be used with a minimum
of four decimal places. Also, the coefficients of the polynomial approximations are to
be employed with at least twelve decimal places. The total error between the profiles
calculated using the polynomial approximations and the original numerical simulation
results is below 1.5 %, for each of the parameters investigated in this study. The total
error comprises of the contributions from different types of errors. Depending on the
initial droplet size considered for the numerical study, the total number of time steps
in each simulation is different. Therefore, to evaluate the mean profile, the number
of time steps are adjusted to the same value of ten thousand, which contributes a
maximum error of 0.75 %. Employing the mean profiles of the three different droplet
sizes to replicate the original numerical simulation results for a specific droplet size
results in an error of less than 0.40 %. Both, reduction of the number of time steps to
fifty and adaptation of the different profile ranges using polynomial approximations
causes an error of about 0.1 %. Due to the limitations of the available computational
resources, it is not possible to perform complex simulations by including the intricate
details of multicomponent droplet heating, evaporation, and thermal decomposition
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characteristics. In such situations, the parameterization provided in the present study
is very much beneficial.

Table 3.2 gives the entire dataset for the initial mass fractions of INN of 0.0125
and 0.025 at ambient gas temperature of 400 K which represents the conditions for the
droplet-to-particle pathway, as well as for initial INN mass fractions of 0.0125, 0.025,
and 0.200 at ambient air temperatures of 800 K and 1200 K, that is representative of
the conditions for the droplet into gas phase pathway. The data presented in Tab. 3.1 is
the same as the one given by the second set of Tab. 3.2. Additionally, Tab. 3.3 provides
with a code in C programming language to read the datasets given in Tab. 3.2.

The behavior of the droplet consisting of the precursor solution system of tita-
nium(IV) isopropoxide and p-xylene is presented in the next section.
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Table 3.2: The polynomial coefficients for normalized droplet surface area, mass
evaporation rates, and droplet surface temperature along with the droplet evaporation
and thermal decomposition times for various initial conditions (Narasu and Gutheil
[123]).
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Table 3.3: Code in programming language C to read the data set provided in
Tab. 3.2 (Narasu and Gutheil [123]).
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3.4 Titanium(IV) Isopropoxide/p-Xylene Droplet

In flame spray pyrolysis, titanium dioxide nanoparticles [21, 127, 128] may be pro-
duced using the precursor solution of titanium(IV) isopropoxide and p-xylene. The
chemical structure of titanium(IV) isopropoxide is complex and is shown in Fig.3.59a.
Titanium dioxide nanoparticles, see Fig.3.60, are used for gas sensors and also as photo-
catalyst [20]. These nanoparticles are employed in controlled drug delivery applications
and are also used as a coating material [129] because of its non-toxic nature [128].
Further, the solvent chosen is p-xylene, whose chemical structure is shown in Fig. 3.59b,
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(a) Chemical structure of TTIP. (b) Chemical structure of p-xylene.

Figure 3.59: The chemical structure of titanium(IV) isopropoxide (TTIP) [125] and
p-xylene [126].

Figure 3.60: The titanium dioxide nanoparticles in the form of powder as provided
by All India Metal Corporation [132].

since it does not react with titanium(IV) isopropoxide as was confirmed by the study
of [130]. Thermal decomposition of sprays constituting of different precursor solu-
tion combinations of ferrocene, titanium(IV) isopropoxide, and iron pentacarbonyl
in solutions of xylene or ethanol was experimentally investigated by Gonchikzhapov
and Kasper [130]. For the precursor/solvent system of titanium(IV) isopropoxide and
xylene, it was concluded that the chemical interaction between the precursor and the
solvent does not occur in the liquid phase. Also, the combustion of single titanium(IV)
isopropoxide in xylene droplets was experimentally studied by Li et al. [131]. They
reported that titanium(IV) isopropoxide does not react with the water vapor produced
during the process of combustion.
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For the numerical study presented in this section, the precursor solution system of
titanium(IV) isopropoxide (TTIP) in p-xylene is considered. The droplet heating and
evaporation characteristics of a single TTIP/p-xylene droplet is investigated. At first,
the zero-dimensional model, see section 2.2, is used to perform the numerical study
of the droplet behavior in an atmosphere of hot convective air. Further, in order to
explore the occurrence of puffing and possible micro-explosion, the one-dimensional
model, see section 2.3, is employed with appropriate modifications, see section 2.3.3.
Unfortunately, there exists no experimental data to which the numerical results may
be compared with. But, the validation for the zero-dimensional model was performed
by Narasu et al. [72] for the heating and evaporation of ethanol/water droplets with
the results available from the experiments conducted by Ma et al. [75]. Please refer to
the previous section 3.1 for further details. The results of the one-dimensional model
are compared with that computed using the zero-dimensional model, before exploring
the processes of puffing and micro-explosion for the present precursor solution system.

In this section, firstly, the numerical simulation results of the zero-dimensional
model are discussed, where a parameter study is performed and an analysis is presented
with respect to the lifetimes of the droplet for different initial conditions. Also, a
detailed analysis and discussion on the parameterization of these numerical results
for use in more complex spray flames, is demonstrated. Finally, the results of the
one-dimensional model are presented that includes the droplet behavior during puffing
and micro-explosion.

For the parameter study, the initial droplet radii of 5 µm, 10 µm, 25 µm, and 50 µm
are taken into consideration at relative velocities of 4 m/s and 8 m/s for ambient gas
temperatures of 800 K and 1200 K along with the initial mass fractions of TTIP of
0.025, 0.155, and 0.25. The initial conditions are determined following the previous
experimental investigations [29, 130, 131] with respect to flame spray pyrolysis. For
these conditions, the distillation-limit and the rapid-mixing models are valid because of
the thermal and mass Peclet numbers being below their critical values, as was discussed
extensively in the numerical investigation of Narasu et al. [72] as well as in the previous
section 3.1. Further, the droplet does not breakup since the Weber number remains
below the critical Weber number.

The detailed results of the parameter study are presented next.

3.4.1 Parameter Study

First, the heating and evaporation characteristics of the TTIP/p-xylene droplet com-
puted by employing the real behavior of the TTIP/p-xylene mixture is compared with
that calculated using the ideal mixture properties. The non-ideal behavior of the
mixture is taken into consideration through the use of activity coefficients evaluated
using the NRTL method [84] and for the ideal case, the activity coefficients are taken
as equal to one, γ = 1. The impact of considering the real and ideal behavior of the
mixture of TTIP and p-xylene is shown in Fig. 3.61.

Figure 3.61 shows the temporal evolution of the profiles of the normalized droplet
surface area, the temperature (red color) at the surface of the droplet as well as the mass
evaporation rates of TTIP (black color) and p-xylene (blue color) for a TTIP/p-xylene
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Figure 3.61: Temporal variation of the droplet surface area, mass evaporation rates, and
droplet surface temperature. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, Tg,0 = 800 K and 1200 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu et al.
[133]).

droplet of initial radius of 5 µm at relative velocity of 4 m/s for initial mass fraction of
TTIP of 0.25 at ambient gas temperatures of 800 K and 1200 K. The numerical results
taking into account the real behavior of the mixture are displayed by the solid lines
and that considering the ideal behavior are represented using the dashed lines. During
the initial droplet heating, the droplet expands as can be seen from the normalized
droplet surface area profile presented in Fig. 3.61a. This is followed by the quasi steady
evaporation phase where the preferential evaporation of the higher volatile p-xylene
occurs followed by evaporation of the TTIP component, which is evident from the
profiles of the mass evaporation rates of both the liquid components, see Fig. 3.61b.
The model predicts smaller deviation of the profile of the normalized droplet surface
area while taking into account the real behavior of the TTIP/p-xylene mixture, as
compared to that computed using the ideal mixture properties. The reason for such a
behavior is the smaller mass evaporation rate of p-xylene which also fastens the rate
of increase of the droplet surface temperature. Further, the lifetime of the droplet is
increased by about 0.54 % and 0.41% for the lower and higher ambient temperatures,
respectively, when the non-ideal nature of the TTIP/p-xylene mixture is considered.
Thus, taking into consideration the real behavior of the TTIP/p-xylene mixture causes
only very small differences when compared to the assumption of ideal behavior. Still,
real mixture properties are used throughout the remaining study.

Parameter study is performed by varying the initial droplet radius, the initial
precursor mass fraction, the ambient gas temperature, and the relative velocity between
the droplet and the ambience.

Figure 3.62 displays the profiles of the normalized droplet surface area with time for
TTIP/p-xylene droplets of initial radii of 5 µm and 25 µm at relative velocity of 4 m/s
for initial mass fractions of TTIP of 0.0 (black color), 0.025 (red color), 0.0155 (blue
color), and 0.25 (green color) at ambient gas temperatures of 800 K (dashed lines) and
1200 K (solid lines). At first, the droplet expands during the initial droplet heating
period, because of the variable physical properties employed in the model, especially
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Figure 3.62: Temporal variation of the droplet surface area. Initial conditions:
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 800 K and 1200 K (Narasu et al.
[133]).

that of the liquid density. At lower ambient temperature of 800 K, the droplet expansion
is about 3.5 % of the initial droplet surface area which is around one percent lower
than that at higher ambient air temperature of 1200 K, thus evidently showing the
liquid density variation with temperature. The initial droplet heating is followed by
the quasi-steady evaporation phase where the preferential evaporation of the p-xylene
component takes place since p-xylene is more volatile than TTIP due to the lower
boiling temperature of p-xylene of 412 K [95], followed by evaporation of the TTIP
component. This is evident from the difference in the slopes for the normalized droplet
surface area. Also, as the initial precursor loading is increased, the deviation of the
slope of the droplet regression rate occurs earlier. Further, with an increase in the
initial TTIP mass fraction, the droplet evaporation is slowed down due to the lower
volatile nature of TTIP owing to its higher boiling point of 505 K [134] and therefore,
the lifetime of the droplet is prolonged. Thus, the pure p-xylene droplet evaporates
the fastest. At lower ambient temperature of 800 K, the droplets evaporate slower and
thus, the droplet lifetime is prolonged by approximately 30 % as compared to that at
higher ambient air temperature of 1200 K, owing to the reduced heat transfer rate
between the ambience and the droplet at the lower ambient gas temperature. Further,
for a droplet with larger initial radius of 25 µm, see Fig. 3.62b, the droplet lifetime is
increased by a factor of about twenty as compared to that for the smaller initial droplet
radius of 5 µm, see Fig. 3.62a, due to the prolong droplet heating and evaporation
time since there is larger mass of the droplet to be evaporated.

Figure 3.63 presents the temporal evolution of the droplet surface temperature (red
color) and the mass evaporation rates of both TTIP (black color) and p-xylene (blue
color), for the precursor/solvent droplet of TTIP/p-xylene of initial radii of 5 µm and
25 µm for initial mass fraction of TTIP of 0.025 at relative velocity of 4 m/s for ambient
gas temperatures of 800 K (dashed lines) and 1200 K (solid lines). The temperature at
the surface of the droplet increases during the initial droplet heating period for all the
cases shown in Fig. 3.63. The quasi-steady evaporation phase follows the initial droplet
heating period, where the higher volatile p-xylene evaporates preferentially which is
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Figure 3.63: Temporal variation of the mass evaporation rates and droplet surface
temperature. Initial conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 800 K
and 1200 K, YTTIP,0 = 0.025, Yp-C8H10,0 = 0.975 (Narasu et al. [133]).
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Figure 3.64: Temporal variation of the mass evaporation rates and droplet surface
temperature. Initial conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 800 K
and 1200 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu et al. [133]).

evident from the peak value obtained by the mass evaporation rate of p-xylene. Further,
the second increase of the surface temperature occurs during which the evaporation of
the lower volatile TTIP dominates as is visible from the peak attained by the TTIP
mass evaporation rate. For the smaller initial droplet radius of 5 µm, see Fig. 3.63a,
the mass evaporation rates are lower as compared to that at larger initial droplet
radius of 25 µm, see Fig. 3.63b, due to the smaller mass of the droplet that is to be
evaporated. As the initial mass fraction of TTIP is increased to 0.25, see Fig. 3.64, the
mass evaporation rates of TTIP are higher as compared to that at initial TTIP mass
fraction of 0.025, for both the initial droplet sizes at both ambient gas temperatures.
Please note that while comparing the numerical results of both the droplet sizes, the
characteristics of the normalized profiles are qualitatively the same, which provides
motivation to perform parameterization of the results, as was carried out for the
INN/ethanol droplets, see section 3.3.3, which is discussed in detail later.
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Figure 3.65: Temporal variation of the species mass fractions and temperature at the
surface of the droplet. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, YTTIP,0 = 0.025, Yp-C8H10,0 = 0.975 (Narasu et al. [133]).
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Figure 3.66: Temporal variation of the droplet surface area, mass evaporation rates,
and droplet surface temperature. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K,
p = 1 bar, u0 = 4 m/s and 8 m/s, Tg,0 = 800 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu
et al. [133]).

The temporal variation of the species mass fractions and the droplet surface
temperature is displayed in Fig. 3.65 for TTIP/p-xylene precursor solution droplet of
initial radius of 5 µm at relative velocity of 4 m/s for initial TTIP mass fraction of
0.025 for ambient air temperatures of 800 K and 1200 K. Initially, the droplet heats up
so that the droplet surface temperature (red color) increases. During the quasi-steady
evaporation regime, the preferential evaporation of p-xylene occurs, which results in
the decrease of the mass fraction of p-xylene (blue solid lines) and the increase of the
amount of TTIP inside the droplet as well as further increase of the droplet surface
temperature. The processes associated with respect to the droplet surface temperature
and the mass evaporation rates of the both the components, see Fig. 3.63, are reflected
in the mass fraction profiles. At higher ambient temperature of 1200 K, see Fig. 3.65b,
the droplet lifetime is shortened as compared to that at 800 K, see Fig. 3.65a, due to
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(a) u0 = 4 m/s. (b) u0 = 8 m/s.

Figure 3.67: Histograms showing the lifetime of the droplet for different initial
droplet radii and ambient air temperatures of 800 K and 1200 K. Initial conditions:
Tl,0 = 293.15 K, p = 1 bar, YTTIP,0 = 0.025, Yp-C8H10,0 = 0.975 (Narasu et al. [135]).

the enhanced heat transfer rate.
The influence of the relative velocity on the droplet heating and evaporation

characteristics of a droplet consisting of the precursor solution system of TTIP and
p-xylene is presented in Fig. 3.66. For a TTIP/p-xylene droplet of larger initial radius
of 50 µm at ambient temperature of 800 K for the initial mass fraction of TTIP of
0.25, Fig. 3.66 shows the profiles of the normalized droplet surface area, the droplet
surface temperature, and the mass evaporation rates of both the components versus
time at relative velocities of 4 m/s (solid lines) and 8 m/s (dashed lines). For the higher
relative velocity of 8 m/s, the convection rate is enhanced, as confirmed by the previous
studies [73, 49], which results in more pronounced evaporation as compared to that at
lower relative velocity of 4 m/s. This is visible from the higher mass evaporation rates
of TTIP and p-xylene, see Fig. 3.66b, at relative velocity of 8 m/s, which eventually
shortens the lifetime of the droplet.

The conditions of the flame spray pyrolysis are selected based on the desired
properties that the final nanoparticles produced should possess and also depend on
the global process requirements. The parameters such as the initial droplet size, the
initial precursor loading, the relative velocity, and the ambient gas temperature affect
the lifetimes of the droplet, which in turn affect the global process time of flame spray
pyrolysis. Hence, a detailed analysis of the droplet lifetimes is presented next.

Figure 3.67 displays the histograms showing the droplet lifetimes for initial droplet
radii of 5 µm, 10 µm, 25 µm, and 50 µm at relative velocities of 4 m/s and 8 m/s
for ambient gas temperatures of 800 K (blue color) and 1200 K (red color) for initial
mass fraction of TTIP of 0.025. For larger initial droplet size, the droplet lifetime is
increased due to the prolonged droplet heating and evaporation time because of the
larger mass of the liquid to be evaporated. Further, at higher ambient temperature
of 1200 K, the droplet evaporation is enhanced resulting in shorter droplet lifetimes
as compared to that at 800 K, since the heat transfer between the ambience and the
droplet is more pronounced at higher ambient temperature. Increasing the relative
velocity from 4 m/s, see Fig. 3.67a, to 8 m/s, see Fig. 3.67b, causes the droplets to
evaporate faster due to the stronger convection rate and thus, reduces the droplet
lifetime, which is found in the literature related to droplet evaporation studies [72].
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(a) u0 = 4 m/s. (b) u0 = 8 m/s.

Figure 3.68: Histograms showing the lifetime of the droplet for different initial
droplet radii and TTIP mass fractions of 0.025, 0.155, and 0.250. Initial conditions:
Tl,0 = 293.15 K, p = 1 bar, Tg,0 = 1200 K (Narasu et al. [133]).

Figure 3.68 shows the effect of varying the initial precursor loading on the droplet
lifetimes for initial droplet radii of 5 µm, 10 µm, 25 µm, and 50 µm for ambient air
temperature of 1200 K at relative velocities of 4 m/s and 8 m/s . Three different initial
TTIP mass fractions of 0.025, 0.155, and 0.25 are considered. With the increase of the
initial mass fraction of TTIP, the droplet evaporation is slowed down and thus, the
droplet lifetimes are prolonged owing to the lower volatility of TTIP as compared to
that of p-xylene. Therefore, the typical characteristics of the bi-component droplet
behavior [55, 90] is reflected in the droplet heating and evaporation characteristics of
the precursor/solvent droplets.

With the aim of using the heating and evaporation characteristics of TTIP/p-xylene
precursor/solvent droplets in spray simulations, the present numerical results are
parametrized using polynomial approximations so that these can be retrieved in more
complex simulations related to flame spray pyrolysis.

3.4.2 Parameterization of the Numerical Results

The heating and evaporation characteristics of the TTIP/p-xylene precursor solution
droplet, discussed in the previous section, are non-dimensionalized for the purpose of
paramterization, which is discussed in detail in this section.

Analyzing the numerical results, it is evident that the normalized droplet surface
area, the temperature at the surface of the droplet, and the mass evaporation rates
of TTIP and p-xylene show some similarity, which may be utilized and parametrized
so that these variables may be employed in more complex spray simulations. To
achieve this motivation, the parameters investigated as part of the parameter study
in the previous section are non-dimensionalized. Thus, the droplet lifetime is used
to normalize the time, the boiling temperature of the lower volatile TTIP, TTTIP,b, is
employed to normalize the droplet surface temperature, and the ratio of the initial
droplet mass, m0 and the droplet lifetime is used for the normalization of the mass
evaporation rates ṁi of both the components i. Thus, the dimensionless quantities are
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Figure 3.69: Normalized profiles of the droplet surface area with normalized droplet
lifetime τ for different initial droplet sizes. Initial conditions: Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s and 8 m/s, YTTIP,0 = 0.025, Yp-C8H10,0 = 0.975 (Narasu et al. [133]).

τ =
t

tmax

(3.6)

Ts =
Ts

TTTIP,b

(3.7)

Ṁi =
ṁi

m0/tmax

, i = 1, 2. (3.8)

Here, m0 is the initial mass evaluated as, m0 = 4/3πr3d,0ρ0. Also, ρ0 denotes the
density of the droplet given by, ρ0 = YTTIP,0 ρ0,TTIP+(1− YTTIP,0) ρ0,p−C8H10 , where ρ0,i
represents the initial density of the components calculated at the initial temperature of
the droplet [98]. Further, τ stands for the non-dimensionalized time, Ts denotes the
normalized droplet surface temperature, and Ṁi represents the dimensionless mass
evaporation rates of TTIP and p-xylene. Also, the normalized droplet surface area,
that is also parameterized, is non-dimensional as per the definition.

For Eqs. 3.6-3.8, the reference values are known a priori, with the exception of
the droplet lifetime. With respect to time, even though relative velocity between the
droplet and the ambience is the only parameter that is known a priori, there exists no
clear-cut relation between the relative velocity and the characteristics of heating and
evaporation discussed in the previous section. Another alternative is using the ratio of
the square of the initial droplet radius and the mass diffusion coefficient, which also
does not show any distinct dependence of the characteristics of heating and evaporation.
Hence, the lifetime of the droplet is chosen, the values of which are tabulated for
different initial conditions investigated in this study, which will be presented later.

The normalized results of the precursor/solvent droplet of TTIP/p-xylene demon-
strate significant influence via the ambient temperature and the initial precursor mass
fraction. Also, the different initial droplet radii and the relative velocities considered
in the present study show similarity and are represented via the non-dimensional
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Figure 3.70: Normalized profiles of the droplet surface area with normalized droplet
lifetime τ for different initial droplet sizes. Initial conditions: Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s and 8 m/s, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu et al. [133]).

(a) Tg,0 = 800 K. (b) Tg,0 = 1200 K.

Figure 3.71: Normalized profiles of the mass evaporation rates and droplet surface
temperature with normalized droplet lifetime τ for different initial droplet sizes. Initial
conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s and 8 m/s, YTTIP,0 = 0.025,
Yp-C8H10,0 = 0.975 (Narasu et al. [133]).

parameters, that include the initial droplet mass and the lifetime of the droplet.
Figure 3.69 display the profiles of the normalized droplet surface area versus the

normalized droplet lifetime for the four different initial droplet radii of 5 µm (black
color), 10 µm (red color), 25 µm (green color), and 50 µm (blue color) at relative
velocities of 4 m/s and 8 m/s for the initial mass fraction of TTIP of 0.025 at ambient
gas temperatures of 800 K and 1200 K. The arithmetic mean (brown color) is computed
for the normalized profiles and is also displayed in the figure. For every simulation of
the TTIP/p-xylene droplet, the total number of times are different. Thus, the mean
profile is evaluated by adjusting the overall number of times steps to ten thousand for
every simulation.

Similarly, Fig. 3.70 presents the normalized droplet surface area profile for the same
conditions of Fig. 3.69, but for the larger initial mass fraction of TTIP of 0.25. Further,
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(a) Tg,0 = 800 K. (b) Tg,0 = 1200 K.

Figure 3.72: Normalized profiles of the mass evaporation rates and droplet surface
temperature with normalized droplet lifetime τ for different initial droplet sizes. Initial
conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s and 8 m/s, YTTIP,0 = 0.25,
Yp-C8H10,0 = 0.75 (Narasu et al. [133]).

Figs. 3.71 and 3.72 present the normalized profiles of the temperature (dashed dotted
lines) at the surface of the droplet and the mass evaporation rates of TTIP (dashed
lines) and p-xylene (solid lines) for the conditions represented in Figs. 3.69 and 3.70,
respectively. A polynomial fit is performed for the mean of the normalized profiles in
order to achieve the goal of parameterization, which is presented next.

The mean of the normalized heating and evaporation characteristics are parame-
terized using polynomial approximations, similar to those presented for INN/ethanol
droplets in section 3.3.3. A tenth degree polynomial is applied to describe the various
parameters so that the approximation reads as

Γi,k =
10∑
j=0

aikjτ
j
i,k



k = 1 for Γi = (d/d0)
2

k = 1, 2 for Γi = Ts, YTTIP,0 = 0.025

k = 1 for Γi = Ts, YTTIP,0 = 0.25

k = 1, 2 for Γi = Ṁp-C8H10

k = 1, 2, 3 for Γi = ṀTTIP

(3.9)

where, i stands for the parameter that is approximated, j denotes the polynomial
degree, and k represents the number of polynomial approximations that are needed to
describe the parameter.

A single polynomial approximation is sufficient to describe the normalized droplet
surface area profile. For the smaller initial mass fraction of TTIP of 0.025, two
polynomial fits are used to describe the normalized droplet surface temperature, whereas
for the higher initial TTIP mass fraction of 0.25, only one polynomial approximation
is required. Two polynomial fits are employed to describe the normalized mass
evaporation rate of p-xylene and three are required to describe that of TTIP. Although
three polynomial approximations are required to describe the normalized profiles of
the mass evaporation rate of the TTIP component, the retrieval may be pursued using
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Figure 3.73: Fitted normalized profiles of the droplet surface area, mass evaporation
rates, and droplet surface temperature with normalized droplet lifetime τ for different
initial droplet sizes. Initial conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s and
8 m/s, Tg,0 = 800 K, YTTIP,0 = 0.025, Yp-C8H10,0 = 0.975 (Narasu et al. [133]).

only two of those approximations, because the third fit covers only the final part of the
normalized lifetime of the droplet, which ranges for only around one percent of the
entire normalized droplet lifetime.

Using polynomials of degrees six, eight, and ten showed errors of 0.6 %, 0.2 %, and
0.1 %, respectively, as compared to that of the original numerical simulation results.
Thus, using polynomial of degree ten for the purpose of parameterization caused the
least error. Further, the transition of the profiles from one approximation to another
is the smoothest when polynomials of degree ten are employed, which is one of the
significant reasons for the selection of the tenth degree polynomials for parameterization
of the numerical results. The overall error caused due to the use of these polynomial
fits are discussed in detail later.

Figure 3.73 displays the plots of the normalized profiles of the droplet surface area,
the temperature (dashed dotted lines) at the surface of the droplet as well as the mass
evaporation rates of TTIP (dashed lines) and p-xylene (solid lines) with normalized
time fitted using the polynomial equations, see Eq. 3.9, for the mean curves shown in
Figs. 3.69a and 3.71a, for the initial mass fraction of the precursor of 0.025 at ambient
air temperature of 800 K at relative velocities of 4 m/s and 8 m/s. Figure 3.74 shows
the normalized profiles of the droplet surface area, the droplet surface temperature, and
the mass evaporation rates of both the components versus normalized time fitted using
the polynomial approximations for the mean curves shown in Figs. 3.70a and 3.72a,
for the higher initial TTIP mass fraction of 0.25 at relative velocities of 4 m/s and
8 m/s for ambient temperature of 800 K. The different polynomial approximations
employed for the particular range, k, of the normalized time are denoted by the various
colors red, blue, and green. A single polynomial fit is used to describe the normalized
droplet surface area profile, see Figs. 3.73a and 3.74a. Two polynomial fits are needed
to describe the normalized profile of the droplet surface temperature for the smaller
initial mass fraction of TTIP, see Fig. 3.73b, whereas for the larger initial TTIP mass
fraction, only one polynomial approximation is enough, see Fig. 3.74b. The normalized
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Figure 3.74: Fitted normalized profiles of the droplet surface area, mass evaporation
rates, and droplet surface temperature with normalized droplet lifetime τ for different
initial droplet sizes. Initial conditions: Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s and
8 m/s, Tg,0 = 800 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu et al. [133]).

Table 3.4: The polynomial coefficients for normalized droplet surface area, mass
evaporation rates, and droplet surface temperature along with the lifetimes of the
droplet for various initial conditions at Tg,0 = 800 K and YTTIP,0 = 0.25 (Narasu et al.
[133]).

profile of the mass evaporation rate of p-xylene is captured by using two polynomial
approximations, and that of TTIP is described by employing three polynomial fits, see
Figs. 3.73b and 3.74b.

The profiles of the normalized droplet surface area, the surface temperature of the
droplet as well as the mass evaporation rates of both the liquid components may be
retrieved using the polynomial equations, provided the boiling temperature of TTIP,
the lifetime of the droplet for the different initial conditions, and the normalization
parameters defined in Eqs. (3.6)–(3.8) are known. The details with respect to recovering
the original numerical simulation results by using the polynomial approximations is
presented next.

The data to retrieve the original numerical simulation results of a TTIP/p-xylene
droplet of initial mass fraction of TTIP of 0.25 at ambient gas temperature of 800 K is
presented in Tab. 3.4. The names of the variables, T s, mdot p-xylene, mdot TTIP,
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Figure 3.75: Temporal variation of the droplet surface area, mass evaporation rates,
and droplet surface temperature. Initial conditions: rd,0 = 5 µm, Tl,0 = 293.15 K,
p = 1 bar, u0 = 4 m/s, Tg,0 = 800 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu et al.
[133]).

and (d/d 0)2, for which the parameterization is performed, are given in the first line
of the table. The last two columns of the first line provide with the initial TTIP
mass fraction and the ambient air temperature. The eleven polynomial coefficients of
Eq. (3.9), required to describe the surface temperature of the droplet, Ts, along with the
upper normalized time limit up to which these coefficients are valid are displayed in the
second and third lines in red color. Only a single polynomial fit is needed to capture the
temperature profile for this specific initial condition. Therefore, the entire dimensionless
droplet lifetime of unity is taken into account. The two sets of polynomials required for
the recovery of the mass evaporation rate of p-xylene along with their validity range is
given in the subsequent four lines in blue color. The next four black lines present the
two polynomial sets for the mass evaporation rate of TTIP. The following two lines in
green color provide with the same information for the normalized droplet surface area.
Finally, four triplets of the initial droplet radius and its droplet lifetimes at relative
velocities of 4 m/s and 8 m/s are presented in the last two lines. It is to be noted that
the droplet radii are given in µm and the lifetimes of the droplet are provided in ms.

For a TTIP/p-xylene droplet of initial radius of 5 µm at relative velocity of 4 m/s for
initial mass fraction of TTIP of 0.25 at ambient gas temperature of 800 K, the procedure
for the recovery of the original numerical simulation results using the data provided
in Tab. 3.5, is presented next. With respect to the conditions of initial TTIP mass
fraction of 0.25 and ambient temperature of 800 K, the polynomial approximations
given by Eq. (3.9) are employed to calculate the mean profiles of the normalized
parameters using a normalized time step of 0.02. For the mass evaporation rate of the
TTIP component, the third polynomial approximation is valid within the range of 0.99
to 1.0 of the normalized time, during which the precursor solution droplet is almost
completely evaporated and the size of the droplet becomes very small, about less than
one percent of the initial droplet size, which is tantamount to 10-9 times the initial
droplet mass. Therefore, for the normalized mass evaporation rate of TTIP, the third
polynomial approximation is neglected and thus, for the final normalized time step, the
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second polynomial fit is employed. Figure 3.75 displays the profiles of the temporal
evolution of the normalized droplet surface area, the droplet surface temperature, and
the mass evaporation rates of the both the liquid components for a TTIP/p-xylene
droplet of initial radius of 5 µm at ambient gas temperature of 800 K for initial mass
fraction of TTIP of 0.25 at relative velocity of 4 m/s. The solid lines represent the
original numerical simulation results and the dashed lines display the curves computed
using the polynomial approximations by taking into account the equations for the
normalized parameters, the value of the boiling temperature of TTIP, and the lifetime
of the droplet for the corresponding initial condition that is investigated.

There are a few recommendations that needs to be taken into account regarding
the use of the data provided in Tab. 3.5, to ensure that there is no compromise on
precision while calculating the profiles of various parameters. While using the values of
the lifetime of the droplet, that is provided for different initial conditions investigated
in the present study, it needs to be taken care to use these values at least up to
four decimal places. Further, a minimum of twelve decimal places is required to be
used while employing the coefficients of the polynomial fits. The total error between
the profiles of the parameters computed using the polynomial fits and the original
numerical simulation results is less than two percent. The total error comprises of
the accumulation of different types of errors, which is discussed next. As the initial
size of the droplet is varied, so does the total number of times steps in each numerical
simulation. Thus, the number of time steps are adapted to the same value of ten
thousand in order to compute the mean profile of various parameters, which results
in a maximum error of approximately 0.75%. The mean profiles of the four different
droplet sizes are used to recreate the original simulation results for a specific droplet
size that contributes an error of about 0.67 %. The number of time steps are reduced
to fifty and the different profile ranges are adapted using polynomial approximations,
both of which cause an error of around 0.1 %. The simulations concerning flame spray
pyrolysis are very complex and computationally expensive. Therefore, it is not possible
to incorporate detailed simulations of sprays considering the precursor/solvent droplet
heating and evaporation characteristics. In such scenarios, the parameterization given
in the present study is very much helpful.

For the ambient gas temperatures of 800 K and 1200 K as well as for the initial mass
fractions of TTIP of 0.025 and 0.25, the tabulated data for the various parameters are
provided in Tab. 3.5. Table 3.4 represents the data given by the third set of Tab. 3.5.
Further, a code in the C programming language is presented in Tab. 3.6, to read the
data provided in Tab. 3.5.

The precursor/solvent droplet of titanium(IV) isopropoxide and p-xylene under-
goes puffing and micro-explosion [131]. In order to study these processes a new one
dimensional model is developed which is discussed in the next section.
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Table 3.5: The polynomial coefficients for normalized droplet surface area, mass
evaporation rates, and droplet surface temperature along with the lifetimes of the
droplet for various initial conditions (Narasu et al. [133]).
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Table 3.6: Code in programming language C to read the data set provided in
Tab. 3.2 (Narasu et al. [133]).
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3.4.3 Analysis of the One-Dimensional Model Results

In this section, the processes of puffing and possible micro-explosion are investigated in
addition to the heating and evaporation for the precursor solution system of TTIP and
p-xylene. For this purpose, the one-dimensional model, see section 2.3, is employed
to describe the droplet heating and evaporation and is modified appropriately to
incorporate the effects of puffing and micro-explosion, see section 2.3.3. Following the
previous experimental studies concerning FSP [29, 130, 131], the initial conditions for
the numerical simulations are selected. At first, the results calculated using the one-
dimensional model are compared with that computed employing the zero-dimensional
model, see Narasu et al. [133] as well as previous section, due to the unavailability of
the experimental data to validate the results of the present numerical study. Further,
the numerical investigation of the characteristics of puffing and micro-explosion of
the precursor/solvent droplet of TTIP/p-xylene are carried out and additionally, a
parameter study is also performed.

Firstly, the results of the one-dimensional and the zero-dimensional models are
compared with each other without taking into consideration the puffing and micro-
explosion. Since the one-dimensional model requires the discretization of the interior
of the droplet, a grid independence study is performed with the objective of evaluating
the resolution of the numerical grid. For that purpose, Fig. 3.76 displays the temporal
variation of the mass fractions of TTIP (blue color) and p-xylene (black color) along
with the temperature (red color) of the droplet at the surface and center for a TTIP/p-
xylene droplet of initial radius of 50 µm for initial mass fraction of TTIP of 0.25
at a relative velocity of 4 m/s for ambient gas temperature of 1200 K. Figure 3.76a
shows the profiles of the mass fractions of both the components whereas Fig. 3.76b
presents the plot of the surface temperature of the droplet. The initial conditions for
the grid independence study are chosen based on the expectation that the maximum

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  1  2  3  4  5  6  7  8  9

N = 20

N = 10

p-C8H10

TTIP

Surface Center

Y
 [
-]

t [ms]

(a) Species mass fractions at the surface
and center of the droplet with time.

 300

 350

 400

 450

 500

 0  1  2  3  4  5  6  7  8  9

N = 20

N = 10

Ts Tc

T
 [
K

]

t [ms]

(b) Temperature at the surface and
center of the droplet with time.

Figure 3.76: Temporal variation of the species mass fractions and temperature at the
surface and center of the droplet for different grid sizes, N , for the purpose of grid
independence study. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, Tg,0 = 1200 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu and Gutheil [81]).
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Figure 3.77: Temporal variation of the normalized droplet surface area and droplet
surface temperature. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, Tg,0 = 800 K and 1200 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu and
Gutheil [81]).

differences are observed for the highest initial precursor mass fraction for the larger sized
droplets. The different grid resolutions of ten (dashed lines) and twenty (solid lines) are
considered. As the number of grid points used to resolve the droplet interior is increased
from ten to twenty, the lifetime of the droplet is reduced by 0.01 %. Further, increasing
the resolution of the grid by a factor of two has a minor effect on the evolution of the
profiles of the temperature and the mass fraction of the liquid components. Hence, ten
grid points are used for the discretization of the droplet throughout the present study.

Figure 3.77 presents the profiles of the normalized droplet surface area and the
temperature at the surface of the droplet versus time for a TTIP/p-xylene droplet
of initial radius of 50 µm at relative velocity of 4 m/s for initial TTIP mass fraction
of 0.25 at ambient temperatures of 800 K (dashed lines) and 1200 K (solid lines).
The red color curves represent the results calculated using the one-dimensional model
and the black, that by employing the zero-dimensional model. Initially, the droplet
heats up and expands due to the variable liquid properties used in the model. At the
higher ambient temperature of 1200 K, the variation of the liquid density is much
stronger than at lower ambient temperature of 800 K, which results in larger initial
droplet expansion at 1200 K. The initial heating period is followed by the quasi-steady
evaporation phase where the preferential evaporation of p-xylene occurs since p-xylene
is more volatile than TTIP. The temperature of the droplet increases further and the
evaporation of the TTIP component becomes dominant. Also, for the lower ambient
air temperature, the heat transfer between the ambience and the droplet is reduced as
compared to that at higher ambient temperature, which results in slower evaporation
of the precursor solution droplet and thus, prolongs the droplet lifetime. At both
ambient gas temperatures, the difference in the lifetimes of the droplet calculated by
the one-dimensional and the zero-dimensional models is less than two percent.

For a droplet consisting of the precursor solution of TTIP and p-xylene, Fig. 3.78
shows the temporal variation of the droplet temperature (red color) as well as the mass
fractions of TTIP (blue color) and p-xylene (black color) at the surface (solid lines)
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Figure 3.78: Temporal variation of the species mass fractions and temperature at the
surface and center of the droplet. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K,
p = 1 bar, u0 = 4 m/s, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu and Gutheil [81]).

and center (dashed lines) of the droplet for initial droplet radius of 50 µm at relative
velocity of 4 m/s for initial mass fraction of TTIP of 0.25 at ambient gas temperatures
of 800 K and 1200 K. During the initial heating period of the droplet, the temperature
at the surface of the droplet increases. Further, quasi-steady evaporation occurs where
the higher volatile p-xylene evaporates preferentially causing the decrease of the mass
fraction of p-xylene at the droplet surface and thus, resulting in the increase of the
TTIP mass fraction. Because of the diffusive nature of the whole process, the values of
the temperature of the droplet and the mass fractions of TTIP and p-xylene at the
center of the droplet lag behind their corresponding values at the droplet surface. But,
the change in the mass fractions of the liquid components at the droplet interior is
slower as compared to the rise of the temperature, since mass diffusion is slower than
thermal conduction [83]. This creates a situation where there is a significant amount
of the higher volatile component of p-xylene at its boiling point, that may lead to the
occurrence of puffing and possible micro-explosion, which is discussed in detail in the
next section.

Puffing and Micro-Explosion

During the synthesis of nanoparticles using flame spray pyrolysis, some of the ex-
perimental studies found that the precursor solution droplets undergo puffing and
micro-explosion in addition to the processes of heating and evaporation [30, 66, 67].
There exists numerous experimental investigations focusing on the phenomena of puffing
and micro-explosion of droplets. These phenomena are not restricted to precursor
solution droplets in flame spray pyrolysis alone. Slurry [136] and emulsified fuels [137]
droplets also depict such behavior. Puffing and micro-explosions of composite rapeseed
oil/water and diesel/water droplets were studied experimentally by Antonov et al.
[138]. It was concluded that for larger sized droplets, the time to micro-explosion was
prolonged. Also, with the increase in the temperature, the time to micro-explosion
decreased. An experimental study was conducted by Zhang et al. [139] on droplets
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consisting of n-pentanol and diesel using the droplet suspension methodology. They
reported the occurrence of puffing for different concentrations of n-pentanol and diesel
at an ambient temperature of 973 K.

Recent experimental investigations have reported that during the generation of
nanoparticles via flame spray pyrolysis, puffing as well as micro-explosion of the
precursor solution droplets occur. Stodt et al. [66] used high speed shadowgraphy
technique in order to analyze the generation of iron oxide nanoparticles via flame
spray pyrolysis, using iron(III) nitrate nonahydrate as the precursor in a solution
consisting of ethanol and 2-ethylhexanoic acid. They confirmed the occurrence of micro-
explosion for the concerned precursor/solvent droplets. High spatiotemporal resolution
shadowgraphy imaging methodology was employed by Jüngst et al. [67] to understand
the nanoparticle synthesis using spray flames, where the precursor solution system
of iron(III) nitrate nonahydrate in ethanol and 2-ethylhexanoic acid was used. The
experimental study visualized and confirmed micro-explosions of the precursor/solvent
droplets. Also, it was found that the size of the disrupting droplets were about sixty
eight percent of that of the regular droplets. During the nanoparticle generation using
spray flames, micro-explosion of the precursor/solvent droplets consisting of iron(III)
nitrate nonahydrate, ethanol, and 2-ethylhexanoic acid was found by Stodt et al.
[30]. They used high-speed camera imaging methodology to confirm the occurrence of
micro-explosion.

The micro-explosion of single burning precursor solution droplets constituting of
titanium(IV) isopropoxide and xylene was experimentally studied by Li et al. [131].
They reported that the lower volatile precursor, that is titanium(IV) isopropoxide, gets
accumulated at the surface of the droplet, which was the reason for the occurrence of
micro-explosion of the precursor/solvent droplet. Further, the higher volatile solvent,
which is xylene, inside the droplet gets heated up which causes the increase of the
pressure, thus leading to micro-explosion. Therefore, the puffing and micro-explosion
of a precursor solution droplet consisting of TTIP and p-xylene is investigated in detail
in this section.

Before discussing the characteristics of puffing and micro-explosion, a grid indepen-
dence study is performed to evaluate the numerical resolution of the grid. For that
purpose, Fig. 3.79 presents the profiles of the temperature (red color) and the mass
fractions of TTIP (blue color) and p-xylene (black color) at the surface and center of a
single TTIP/p-xylene droplet of initial radius of 50 µm for initial TTIP mass fraction of
0.25 at relative velocity of 4 m/s for ambient temperature of 1200 K. The profiles of the
mass fractions of TTIP and p-xylene are displayed in Fig. 3.79a and that of the droplet
surface temperature is shown in Fig. 3.79b. Ten (dashed lines) and twenty (solid lines)
grids are considered for the grid independence study. Comparing the temporal profiles
of the temperature and the mass fractions of the liquid components computed by both
the grid resolutions, there is no significant difference initially. However, at the later
stages, there exist differences amounting to less than one percent with respect to the
lifetime of the droplet. Also, as the number of grid points is increased from ten to twenty,
the time to micro-explosion decreases by less than one percent. Most importantly,
there is negligible effect on the puffing and micro-explosion of the precursor/solvent
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Figure 3.79: Temporal variation of the species mass fractions and temperature at the
surface and center of the droplet for different grid sizes, N , for the purpose of grid
independence study. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar,
u0 = 4 m/s, Tg,0 = 1200 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu and Gutheil [81]).
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Figure 3.80: Temporal variation of the normalized droplet surface area, liquid
shell thickness, species mass fractions and temperature at the surface and center
of the droplet, and spatially averaged droplet temperature, T . Initial conditions:
rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 1200 K, YTTIP,0 = 0.25,
Yp-C8H10,0 = 0.75 (Narasu and Gutheil [81]).

droplet because of employing of a larger grid resolution. Further, for both resolutions
of the numerical grid, the number of puffs remains the same. Hence, for the rest of the
numerical study, in order to discretize the interior of the droplet, ten grid points are
used.

The puffing and micro-explosion is visible, see the oscillations of the temperature
profile in Fig. 3.79, at the final stages of the lifetime of the droplet. Figure 3.80
displays the characteristics of heating, evaporation, puffing, and micro-explosion for a
TTIP/p-xylene droplet of initial radius of 50 µm with relative velocity of 4 m/s for



3.4. TITANIUM(IV) ISOPROPOXIDE/P-XYLENE DROPLET 102

 0

 20

 40

 60

 80

 100

 0  1  2  3  4  5  6  7

 300

 350

 400

 450

 500
p-C8H10

TTIP

Ts

m.
i ×

 1
0

-9
 [
k
g
/s

]

T
s
 [
K

]

t [ms]

(a) Normal view.

 0

 10

 20

 30

 40

 50

 60

 6.6  6.65  6.7  6.75  6.8  6.85  6.9
 460

 462

 464

 466

 468

 470
p-C8H10

TTIP

Ts

m.
i ×

 1
0

-9
 [
k
g
/s

]

T
s
 [
K

]

t [ms]

(b) Zoomed view.

Figure 3.81: Temporal variation of the mass evaporation rates and droplet surface
temperature. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu and Gutheil [81]).

initial TTIP mass fraction of 0.25 at ambient air temperature of 1200 K. Figure 3.80a
shows the temporal evolution of the normalized droplet surface area (green color)
and the liquid shell thickness (blue color) whereas Fig. 3.80b presents the temporal
variation of the temperature (red color) and the mass fractions of TTIP (blue color)
and p-xylene (black color) at the surface (solid lines) and center (dashed lines) of the
droplet along with the spatial average temperature, T (dash dotted line) inside the
droplet.

The initial droplet expansion occurs due to the heating, see Fig 3.80a, which is
attributed to the variable liquid properties employed in the model. At the surface of
the droplet, the initial droplet heating causes the increase of the temperature. Further,
the preferential evaporation of the higher volatile p-xylene occurs which causes the
increase of the mass fraction of the lower volatile TTIP at the droplet surface. Because
of the diffusive nature of the entire process, the temperature and the TTIP mass
fraction remain lower than their corresponding values at the droplet surface whereas
the mass fraction of p-xylene is higher than that at the surface of the droplet, see
Fig 3.80b. The spatial average temperature, T , reaches the boiling temperature of
p-xylene of 412 K, at a time of 6.48 ms, as shown in Fig 3.80b. Because of the
formation of the liquid shell, T reduces slightly after which it increases further. The
lower volatile precursor accumulates at the surface of the droplet, thus resulting in the
liquid shell formation. The formation of the liquid shell offers resistance to the process
of evaporation which results in a very slight increase of the thickness of the liquid
shell and the normalized droplet surface area. Previous experimental investigations
focusing on the micro-explosion of of water/fuel [68] and TTIP/xylene [131] droplets
had reported such instances with respect to the increase of the size of the droplet.

The spatial average temperature, T , increases further and reaches the boiling
temperature of the higher volatile p-xylene once again at 6.69 ms, which initiates the
puffing and thus, the hindrance to evaporation is lifted. This is reflected in the profiles
of the droplet temperature at the surface and center along with the T , see Fig 3.80b, as
well as the profiles of the mass evaporation rates of both the liquid components shown
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Figure 3.82: Temporal variation of the species mass fractions and temperature at the
surface and center of the droplet and spatially averaged droplet temperature, T . Initial
conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 1200 K,
YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu and Gutheil [81]).

in Fig. 3.81. The mass evaporation rates of TTIP (blue color) and p-xylene (black)
along with the surface temperature (red color) of the droplet are displayed in Fig. 3.81
for the same conditions of Fig 3.80. Figure 3.81b shows the zoomed view of Fig. 3.81a
for the purpose of better resolution. Once the puffing is initiated, the thickness of the
liquid shell reduces because of the the decrease of the size of the droplet, as displayed
in Fig 3.80a. These processes repeat resulting in a sequence of ten puffs. At about
6.89 ms, as the pressure inside the droplet exceeds the ambient pressure, see Eq. 2.39,
the micro-explosion of the droplet occurs resulting in the complete evaporation of the
droplet. The trigger for the puffing of the precursor solution droplet is the variation of
the temperature. However, the puffing is also reflected in the mass evaporation rates of
both the components, as displayed in Fig. 3.81b. Hence, the evaluation of the number
of puffs may be performed by analyzing the variation of the mass evaporation rates of
both the components as well as the droplet temperature.

In order to view better the oscillations of the profiles of the temperature, a zoomed
view of these are provided in Fig. 3.82. Figure 3.82a displays the zoomed view of the
temperature at the surface of the droplet and Fig. 3.82b provides with the zoomed
view of the spatial average temperature, T . The hindrance to heating and evaporation
is released during each puff, thus causing the spatial average temperature to breach
the boiling point of p-xylene temporarily, as shown in Fig. 3.82b. The building up of
the liquid shell occurs and the whole process is repeated. Thus, the lower value of the
temperature remains the same as the boiling temperature of the higher volatile species.
But, during puffing, the maximum value of the temperature increases since the liquid
shell becomes thinner with each puff, see Fig. 3.80a. It is noticeable that the increase of
the temperature at the surface of the droplet, during the process of puffing, is smaller
than that of the spatial average temperature, T , since the thermal conductivity of the
liquid shell is lower than the thermal conductivity at the interior of the droplet.

The spatial variation of the profiles of the temperature (red color) and the mass
fractions of TTIP (blue color) and p-xylene (black) is presented in Fig. 3.83. Figure 3.83a
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Figure 3.83: Spatial variation of the species mass fractions and temperature inside
the droplet. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K, YTTIP,0 = 0.25, Yp-C8H10,0 = 0.75 (Narasu and Gutheil [81]).
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Figure 3.84: Temporal variation of the mass evaporation rates and droplet surface
temperature. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K, YTTIP,0 = 0.025, Yp-C8H10,0 = 0.975 (Narasu and Gutheil [81]).

presents these profiles at the time of formation of the liquid shell, at t = 6.48 ms,
whereas Fig. 3.83b shows these curves at the time of micro-explosion of the precursor
solution droplet, at t = 6.89 ms. The diffusion of the liquid components from the
surface to the center of the droplet is slower than the conduction of heat because of
the differences in the mass and thermal diffusivity. Therefore, an ideal situation is
created which is suitable for the occurrence of puffing and micro-explosion, where
there is a large amount of the higher volatile component of p-xylene at its boiling
temperature inside the droplet. It is to be noted that this is only a necessary condition
for the puffing and micro-explosion of the precursor/solvent droplet and not a sufficient
condition.

To understand the influence of the initial precursor loading on the characteristics
of puffing and micro-explosion, for a reduced initial mass fraction of TTIP of 0.025,
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Figure 3.85: Temporal variation of the normalized droplet surface area and droplet
surface temperature along with the number of puffs for different initial mass fractions
of TTIP. Initial conditions: rd,0 = 50 µm, Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s,
Tg,0 = 1200 K (Narasu and Gutheil [140]).

Fig. 3.84 displays the temporal evolution of the droplet surface temperature (red color)
along with the the mass evaporation rates of TTIP (blue color) and p-xylene (black
color) for a TTIP/p-xylene droplet of initial radius of 50 µm at relative velocity of
4 m/s for ambient temperature of 1200 K, where the zoomed view of Fig. 3.84a is shown
in Fig. 3.84b. Comparing Figs. 3.81 and 3.84, with the decrease of the initial precursor
mass fraction, more p-xylene is available to evaporate that delays the initiation of
puffing since the spatial average droplet temperature T takes more time in attaining the
boiling temperature of the higher volatile p-xylene, and thus, prolongs the lifetime of
the droplet. Therefore, the process of puffing starts at 7.31 ms and the micro-explosion
of the precursor/solvent droplet occurs at 7.63 ms. Further, reducing the initial mass
fraction of TTIP from 0.25 to 0.025, doubles the frequency at which the puffs occur and
thus, increases the number of puffs from 10 to 31, see Figs. 3.81b and 3.84b. Further,
for the higher initial mass fraction of the precursor of 0.25, the peak values of the mass
evaporation rates of both the liquid components remain almost constant, Fig. 3.81b.
However, for the lower initial TTIP mass fraction of 0.025, it is striking to note that
the maxima values of the mass evaporation rate of the TTIP component strongly
increase and that for p-xylene staunchly decrease, Fig. 3.84b. During puffing, the range
of variation of the temperature at the surface of the droplet is around 2 K for the
higher initial TTIP mas fraction of 0.25, whereas for the lower initial mass fraction of
precursor of 0.025, it is about 22 K. Thus, it is found that varying the initial precursor
loading strongly influences the number of puffs as well as the lifetime of the droplet.
Hence, a more detailed study is presented next.

Figure 3.85a displays the temporal evolution of the normalized droplet area (solid
lines) and the temperature (dashed lines) at the surface of the droplet for a TTIP/p-
xylene droplet of initial radius of 50 µm at relative velocity of 4 m/s for ambient gas
temperature of 1200 K. Figure 3.85b shows the number of puffs for the different initial
mass fractions investigated in this present study. In total, four different initial TTIP
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Figure 3.86: Temporal and spatial variation of the pressure in the interior of the droplet
for initial mass fractions of TTIP of 0.25 and 0.50. Initial conditions: rd,0 = 50 µm,
Tl,0 = 293.15 K, p = 1 bar, u0 = 4 m/s, Tg,0 = 1200 K (Narasu and Gutheil [81]).

mass fractions of 0.025 (red color), 0.155 (blue color), 0.25 (green color), and 0.50 (black
color) are considered. With the increase of the initial mass fraction of the precursor,
the lower volatile TTIP accumulates faster at the surface of the droplet and therefore,
speeds up the formation of the liquid shell, eventually causing earlier puffing of the
precursor solvent droplet. Further, increasing the initial precursor loading reduces the
number of puffs, see Fig. 3.85b, because of the reduced lifetime of the droplet and the
less steep increase in the temperature at the surface of the droplet. Also, as the initial
precursor mass fraction is increased, the time between the puffing and micro-explosion
is reduced, thus resulting in earlier micro-explosion of the droplet as confirmed by
the previous investigations concerning various precursor solvent systems [71, 70]. But,
for the highest initial precursor mass fraction of 0.50, the TTIP/p-xylene droplet
experiences continuous puffing until the complete evaporation of the droplet without
the occurrence of micro-explosion, since the pressure at the interior of the droplet never
increases beyond the ambient pressure. Hence, for the TTIP mass fraction of 0.50, the
number of puffs is very high, see Fig. 3.85b, as compared to the other initial precursor
compositions considered in this present study.

Figure 3.86 displays the temporal and spatial variation of the pressure, as defined
in Eq. 2.40, in the interior of a TTIP/p-xylene droplet of initial radius of 50 µm with
relative velocity of 4 m/s at ambient gas temperature of 1200 K. Figure 3.86a shows
the variation of the pressure for initial TTIP mass fraction of 0.25 whereas Fig. 3.86b
presents the pressure variation for initial mass fraction of TTIP of 0.50. It is found
that for both the cases, the pressure is highest at the surface of the droplet and lowest
at the center of the droplet. As the process of evaporation of the droplet progresses,
the size of the droplet becomes smaller, as seen in Fig. 3.86, which causes the pressure
in the droplet interior to increase. For the lower initial mass fraction of TTIP of 0.25,
see Fig. 3.86a, the pressure at the surface of the droplet reaches the ambient pressure
at 6.89 ms, thus resulting in the micro-explosion of the droplet. However, for the
higher initial TTIP mass fraction of 0.50, the pressure inside the droplet does not reach
the ambient pressure and therefore, the puffing continues until the droplet completely



CHAPTER 3. RESULTS AND DISCUSSION 107

 0
 1
 2
 3
 4
 5
 6
 7
 8
 9

 10
 11

 0  10  20  30  40  50  60

  800 K

1200 K

1500 K

4 m/s

8 m/s

D
ro

p
le

t 
lif

e
ti
m

e
 [
m

s
]

rd,0 [µm]

(a) Droplet lifetime.

 0

 4

 8

 12

 16

 0  10  20  30  40  50  60

  800 K

1200 K

1500 K

4 m/s

8 m/sN
u
m

b
e
r 

o
f 
p
u
ff
s
 [
-]

rd,0 [µm]

(b) Number of puffs.

Figure 3.87: Lifetime of the droplet and number of puffs for different initial droplet radii,
ambient gas temperatures, and relative velocities. Initial conditions: Tl,0 = 293.15 K,
p = 1 bar, YTTIP,0 = 0.155, Yp-C8H10,0 = 0.845 (Narasu and Gutheil [81]).

evaporates without causing micro-explosion, see Fig. 3.86b.
A parameter study is performed to explore the impact of varying the initial size of

the droplet, the ambient air temperature, and the relative velocity on the lifetime of
the droplet and number of puffs, which is presented in Fig. 3.87, for a TTIP/p-xylene
droplet of initial mass fraction of TTIP of 0.155. Initial droplet radii of 5 µm, 25 µm,
and 50 µm are considered at relative velocities of 4 m/s (filled symbols) and 8 m/s (open
symbols) for ambient gas temperatures of 800 K (green color), 1200 K (blue color),
and 1500 K (red color). Figure 3.87a displays the lifetime of the droplet and Fig. 3.87b
presents the number of puffs for various initial conditions investigated in the present
study. For droplets with initial radius of 50 µm at relative velocity of 4 m/s, as the
ambient gas temperature is increased from 800 K to 1500 K, the droplets evaporate
faster, see Fig. 3.87a, due to the increased heat transfer rate between the ambience
and the droplet which results in fewer number of puffs before the occurrence of micro-
explosion, see Fig. 3.87b. Increasing the relative velocity by a factor of two leads to
enhanced evaporation of the droplet, see Fig. 3.87a, because of the stronger convection
rate and thus, decreases the number of puffs, see Fig. 3.87b. Further, as the initial
size of the droplet is decreased from 50 µm to 5µm, the evaporation of the droplet
is faster, see Fig. 3.87a, because of the reduced heating and evaporation time owing
to the smaller mass of the droplet to be evaporated, and thus, decreases the number
of puffs that occur before micro-explosion, see Fig. 3.87b. It is to be noted that for
the precursor/solvent droplet of TTIP/p-xylene of initial radius of 5 µm at ambient
temperature of 1500 K with relative velocity of 4 m/s, the droplet undergoes only one
puff before the onset of micro-explosion.

Thus, puffing is initiated as the boiling point of the higher volatile component is
reached at the interior of the droplet, and micro-explosion of the droplet occurs once
the pressure inside the droplet breaches the ambient pressure. The various factors that
influence the characteristics of the puffing and micro-explosion of a precursor solution
droplet during the synthesis of nanoparticles via flame sprays is understood through
the detailed parameter study performed for the TTIP/p-xylene droplet.
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Summary and Outlook

In order to generate nanoparticles via spray flames, a precursor solution is injected
and sprayed which results in the formation of droplets. These droplets may experi-
ence various processes such as heating, evaporation, thermal decomposition, puffing,
and micro-explosion Further, gas phase combustion occurs followed by formation of
nanoparticles. For the purpose of understanding the various processes experienced
by the droplet, the numerical study of the multicomponent droplet behavior in an
ambience of hot convective air is performed. The different multicomponent systems
explored are ethanol/water, butanol/water, iron(III) nitrate nonahydrate/ethanol,
and titanium(IV) isopropoxide/p-xylene. The multicomponent droplet heating and
evaporation is described using the zero-dimensional and one-dimensional models. The
zero-dimensional model, is an extension of the model formulated by Brenn et al. [52] for
multicomponent droplets, which itself is an extension of the convective droplet heating
and evaporation model of Abramzon and Sirignano [49] for single component droplets.
The zero-dimensional model is coupled with the thermal decomposition model for the
precursor solution system of INN and ethanol whereas for the precursor/solvent droplet
of TTIP/p-xylene, the one-dimensional model is modified to accommodate the effects
of puffing and possible micro-explosion.

For ethanol/water droplets, the zero-dimensional model is employed to describe the
heating and evaporation characteristics in both dry and humid air. The results of the
numerical investigation of ethanol/water droplet is validated against the experimental
data of Ma et al. [141] and Ma et al. [75] at atmospheric pressure in an ambience of
dry air. The non-ideal behavior of the liquid mixture is considered through the use of
activity coefficients modeled using the UNIFAC approach [87]. Considering the real
behavior of the liquids does not have an impact on the lifetime of the droplet, but, it
does influence the characteristics of the heating and evaporation of the multicomponent
droplet, particularly in an ambience of humid air. For ethanol/water droplets, increasing
the initial composition of ethanol results in faster evaporation of the droplet due to
the higher volatility of ethanol as compared to that of water. In an ambience of
humid air, there occurs condensation of water at the surface of the droplet that causes
enhanced evaporation of the ethanol component and retarded evaporation of the water
component, thus prolonging the lifetime of the droplet. The water condensation is
found to be stronger while employing the ideal mixture assumption as compared to
when considering the real behavior of the liquid mixture.

A numerical study of the heating and evaporation of single butanol/water droplets
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in convective ambience at low ambient pressures is performed by employing the zero-
dimensional model. During the droplet heating period, the droplet expands initially
because of the variable liquid properties used in the model. The temperature at the
surface of the droplet increases due to the initial droplet heating which is followed by
the quasi-steady evaporation phase where the preferential evaporation of the water
component occurs since water is more volatile than butanol after which, the evaporation
of the butanol component dominates. Also, at higher ambient pressure of 60 mbar, the
droplet surface temperature as well as the mass evaporation rates of butanol and water
are higher than that at lower ambient pressure of 40 mbar, which results in reduced
droplet lifetime of around forty percent. Further, at pressure of 40 mbar, changing
the ambient gas mixture from methane/argon to hydrogen/argon, reduces the droplet
lifetime by a factor of three because of the difference in the gas mixture properties.
At lower ambient gas temperature of 400 K, the droplet evaporation is slowed down
because of the reduced heat transfer rate between the ambience and the droplet, thus
prolonging the lifetime of the droplet. With the increase of the initial mass fraction of
water, the droplet evaporates faster owing to the higher volatility of water for both the
ambient pressures of 40 mbar and 60 mbar.

In the case of INN/ethanol droplets, in addition to heating and evaporation, the
thermal decomposition is also investigated. The numerical investigation of the droplet
behavior is carried out in an ambience of both dry and humid air. If the temperature
reached by the surface of the droplet during the process of evaporation is less than the
thermal decomposition temperature of 403 K, the particle is formed inside the droplet,
which is known as the droplet-to-particle pathway. Otherwise, thermal decomposition
occurs transforming the precursor solution droplet entirely into the gas phase, known
as the droplet into gas phase pathway. In the case of the droplet-to-particle pathway,
the heating and evaporation of the liquid components of ethanol and water influence
the overall process time. Increasing the initial mass fraction of INN results in the
formation of larger sized particles, but does not affect the total process time. As the
relative velocity is increased, the droplets evaporate faster resulting in slightly reduced
process times, but does not affect the size of the final particle formed. Increasing
the initial droplet radius from 1 µm to 5 µm prolongs the total process times and
increases the final particle size in both dry and humid air. In an ambience of humid air,
the condensation of water at the surface of the droplet increases the droplet surface
temperature which results in enhanced evaporation of the ethanol component and
retarded water evaporation, thus leading to increased process times. However, humidity
has negligible effect on the final particle size.

In flame spray pyrolysis, there is the possibility that particles are formed following
the droplet-to-particle pathway in colder regimes, such as close to the injector. This
needs to be avoided since the particles formed via the droplet-to-particle pathway are
larger in size as one of the major goal of flame spray pyrolysis is to produce smaller
sized particles.

The thermal decomposition rate varies exponentially with respect to the temperature
reached by the surface of the droplet during the process of heating and evaporation. In
an ambience of dry air, at higher ambient air temperature of 1200 K, the temperature
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attained by the droplet surface is higher than that reached at lower ambient temperature
of 800 K, which leads to faster thermal decomposition at 1200 K as compared to that
at 800 K. Hence, the droplet heating and evaporation is the dominating factor with
respect to the overall process time at higher ambient gas temperature of 1200 K whereas
thermal decomposition dominates at lower ambient temperature of 800 K. In humid
air, for both the ambient gas temperatures, due to condensation of water at the surface
of the droplet, higher droplet surface temperatures are attained which promotes the
process of thermal decomposition. Thus, the heating and evaporation dominates the
process time for both the ambient gas temperatures in humid air. Even though the
process of evaporation is slowed down due to the retarded evaporation of the water
component, the enhanced thermal decomposition compensates for it. Therefore, the
overall process times are shorter in humid air as compared to that in an ambience of
dry air. In dry air, doubling the relative velocity from 4 m/s to 8 m/s, fastens the
evaporation of the droplet, but the final temperatures reached by the droplet surface
are lower at 8 m/s as compared to that attained at 4 m/s, which slows down the
thermal decomposition process, thus prolonging the overall process time. However, in
humid air, as the relative velocity is increased from 4 m/s to 8 m/s, the differences in
the temperatures attained by the droplet surface at both the relative velocities is very
small, and thus the disparity regarding the total process time is negligible. Increasing
the initial size of the droplet prolongs the total process time for all the cases studied in
dry and humid air because of the prolonged droplet heating and evaporation time as
well as the lower final droplet surface temperatures attained for the larger droplets.

As the initial precursor loading is increased, the evaporation of the droplet becomes
faster, but lower final droplet surface temperatures are reached that prolongs the
thermal decomposition process. At lower ambient air temperature of 800 K, increasing
the initial mass fraction of the precursor from 0.0125 to 0.025 and further to 0.200,
increases the overall process time whereas at higher ambient temperature of 1200 K,
the total process time is reduced. This confirms the existence of an intermediate
transitional temperature, T+, at which this reversal effect occurs for two particular
initial precursor mass fractions considered in the present study, which was found to
independent of the choice of the initial size of the droplet investigated in this study.
However, with the increase of the relative velocity from 4 m/s to 8 m/s, T+ increases
by about 100 K. The total process time contributes to the global process time of flame
spray pyrolysis. Therefore, it is recommended to choose an ambient gas temperature
above T+ in order to keep the overall process time short.

Polynomial approximations were used to parameterize the profiles of the normalized
droplet surface area, the droplet surface temperature, the mass evaporation rates of
ethanol and water, and the mass fraction of iron(III) nitrate. These results may be used
in more complex simulations where iron(III) nitrate nonahydrate in ethanol is used as
the precursor solution system to produce nanoparticles via flame spray pyrolysis .

For the precursor/solvent droplet of TTIP/p-xylene, at first, the characteristics
of the heating and evaporation are investigated using the zero-dimensional model.
The new variable physical properties of TTIP and p-xylene available from the study
of Keller et al. [98] is employed. During the initial droplet heating, the droplet expands



112

due to the use of the variable physical properties in the model. Further, the preferential
evaporation of p-xylene occurs owing to its higher volatility as compared to that of
TTIP, after which the evaporation of the TTIP component dominates. At higher
ambient gas temperature of 1200 K, the droplets evaporate faster resulting in reduced
droplet lifetimes as compared to that at lower ambient temperature of 800 K. As the
relative velocity is doubled from 4 m/s to 8 m/s, the evaporation of the droplet is
enhanced leading to reduced lifetimes of the droplet. Increasing the initial size of the
droplet results in increased droplet lifetimes because of the prolonged droplet heating
and evaporation time. With the increase of the initial mass fraction of TTIP, the
droplet evaporation is slowed down due to the higher boiling point of TTIP as compared
to that of p-xylene, thus prolonging the lifetimes of the droplet. The similarity of the
profiles of the normalized droplet surface area, the droplet surface temperature as well
as the mass evaporation rates of p-xylene and TTIP with respect to different initial
droplet radii and relative velocity considered in the study, is utilized and these results
are parameterized using polynomial fits. The parametrized results may be used in more
complex simulations concerning flame spray pyrolysis where the precursor solution of
titanium(IV) isopropoxide and p-xylene is used to synthesize TiO2 nanoparticles.

The one-dimensional model is employed to describe the heating, evaporation, puffing,
and possible micro-explosion of TTIP/p-xylene precursor solution droplets. There are
five stages that a precursor solution droplet goes through, namely, heating, evaporation,
liquid shell formation, puffing, and micro-explosion. Initial expansion of the droplet
occurs during the droplet heating period. The droplet surface temperature increases
causing the evaporation of the higher volatile p-xylene and eventually, resulting in
the increase of the mass fraction of the lower volatile TTIP at the surface of the
droplet. Thus, the liquid shell is formed at the droplet surface which offers resistance
to evaporation. Once the boiling point of the higher volatile component of p-xylene is
reached, puffing is initiated releasing the hinderance to evaporation. If the pressure
at the droplet interior is higher than the ambient pressure, micro-explosion of the
precursor/solvent droplet occurs. Increasing the initial mass fraction of TTIP shortens
the time span between puffing and micro-explosion and causes earlier droplet micro-
explosion. Further, with the increase of the initial precursor loading, the number of puffs
and its frequency decreases. As the ambient gas temperature is increased, the droplets
evaporate faster and thus, reduces the number of puffs before droplet micro-explosion
occurs. With the increase of the relative velocity from 4 m/s to 8 m/s, the droplet
evaporation is enhanced leading to fewer number of puffs before the occurrence of
droplet micro-explosion. Increasing the initial size of the droplet prolongs the droplet
heating and evaporation time and therefore, increases the number of puffs that occur
before micro-explosion. For TTIP/p-xylene droplet of initial radius of 50 µm at relative
velocity of 4 m/s for ambient air temperature of 1200 K, as the initial mass fraction of
TTIP is increased to 0.50, the precursor solution droplet undergoes continuous puffing
until the complete evaporation of the droplet without the occurrence of micro-explosion.

The present study is useful to understand the behavior of the droplet during the
synthesis of nanoparticles via spray flames. Moreover, the simulations associated with
flame spray pyrolysis are computationally very expensive and also complex in nature.
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Hence, including elaborate spray simulations by taking into account the details of
every process experienced by the droplet is not possible. In such circumstances the
parameterized results are very useful, since it helps in reducing the computational time
significantly.

The zero-dimensional and one-dimensional multicomponent droplet evaporation
models may be extended to many more precursor solutions, to study their respective
heating and evaporation characteristics and their influence on the generation of nanopar-
ticles using spray flames. Future work should focus on including the parametrized
results of the precursor solution droplets of iron(III) nitrate nonahydrate/ethanol and
titanium(IV) isopropoxide/p-xylene in more complex spray simulations where these
precursor/solvent systems are employed to produce nanoparticles. Further, another
interesting challenge that is required to be looked into is regarding the inclusion of the
gas phase reactions to study the generation of nanoparticles from the gas phase. In
flame spray pyrolysis, the evaporation of the precursor solution is enhanced due to the
occurrence of puffing and micro-explosion. Therefore, the influence of these phenomena
on the properties of the nanoparticles that are synthesized using flame spray pyrolysis
needs to be analyzed in the future.
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[67] N. Jüngst, G. Smallwood, and S. Kaiser. Visualization and image analysis
of droplet puffing and micro-explosion in spray-flame synthesis of iron oxide
nanoparticles. Experiments in Fluids, 63(3):1–14, 2022.

[68] R. Fedorenko, D. Antonov, P. Strizhak, and S. Sazhin. Time evolution of
composite fuel/water droplet radii before the start of puffing/micro-explosion.
International Journal of Heat and Mass Transfer, 191:122838, 2022.

[69] S. W. Baek, J. H. Cho, et al. Microexplosion of aluminum slurry droplets.
International journal of heat and mass transfer, 42(24):4475–4486, 1999.

[70] Y. Ren, J. Cai, and H. Pitsch. Theoretical single-droplet model for particle
formation in flame spray pyrolysis. Energy & Fuels, 35(2):1750–1759, 2021.

[71] H. Li, C. D. Rosebrock, Y. Wu, T. Wriedt, and L. Mädler. Single droplet
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T. Wetzel, editors, VDI-Wärmeatlas, pages 1–45. Springer Reference Technik.
Springer Vieweg, Berlin, Heidelberg, 2018.

[92] R. Wittig, J. Lohmann, and J. Gmehling. Vapor-liquid equilibria by UNIFAC
group contribution. 6. Revision and Extension. Industrial & Engineering Chem-
istry Research, 42(1):183–188, 2003. doi: 10.1021/ie020506l.

[93] Dortmund Data Bank. http://www.ddbst.com, 2022.

[94] A. K. Coker. Ludwig’s applied process design for chemical and petrochemical
plants. gulf professional publishing, 2014.

[95] V. Majer and V. Svoboda. Enthalpies of Vaporization of Organic Compounds: A
Critical Review and Data Compilation. Blackwell Scientific Publications, Oxford,
1985.

[96] M. Nanjaiah, P. Wollny, S. Apazeller, M. Gonchikzhapov, P. Narasu, E. Gutheil,
H. Wiggers, C. Schulz, T. Kasper, A. Kempf, and I. Wlokas. Simulations of
laminar methane flames doped with iron nitrate/1-butanol aerosol in a novel
matrix burner. Combustion and Flame, under preparation.

http://www.ddbst.com


BIBLIOGRAPHY 123

[97] A. Keller, I. Wlokas, M. Kohns, and H. Hasse. Thermophysical properties of
solutions of iron (iii) nitrate nonahydrate in mixtures of ethanol and water.
Journal of Chemical & Engineering Data, 65(7):3519–3527, 2020.

[98] A. Keller, I. Wlokas, M. Kohns, and H. Hasse. Thermophysical properties
of mixtures of Titanium (IV) Isopropoxide (TTIP) and p-xylene. Journal of
Chemical & Engineering Data, 65(2):869–876, 2020. doi: https://doi.org/10.1016/
j.ijmultiphaseflow.2022.104006.

[99] A. Shmakov, O. Korobeinichev, D. Knyazkov, A. Paletsky, I. Gerasimov, T. Bol-
shova, V. Kiselev, and N. Gritsan. Combustion chemistry of Ti(OC3H7)4 in
premixed flat burner-stabilized H2/O2/Ar flame at 1 atm. Proceedings of the
Combustion Institute, 34(1):1143–1149, 2013.

[100] P. Buerger, D. Nurkowski, J. Akroyd, and M. Kraft. A kinetic mechanism for
the thermal decomposition of titanium tetraisopropoxide. Proceedings of the
Combustion Institute, 36(1):1019–1027, 2017.

[101] R. Courant, K. Friedrichs, and H. Lewy. Uber die partiellen differenzengleichungen
der mathematischen physik. Mathematische Annalen, 100:32–74, 1928.

[102] C. E. F. Vian, L. Rodrigues, and J. T. da Silva. Evolution in public policies
designed to develop the sugar–energy industry in Brazil. In A. K. Chandel and
M. H. L. Silveira, editors, Advances in Sugarcrane Biorefinery, chapter 14, pages
279–306. Elsevier, 2018.

[103] K. S. Hyun and S. L. Chang. A review on atomization and exhaust emissions of
a biodiesel-fueled compression ignition engine. Renewable and Sustainable Energy
Reviews, 8:1601–1620, 2016.
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Abbreviations and symbols

Abbreviation Meaning
AP-PMS atmospheric pressure particle mass spectrometery
EHA ethylhexanoic acid
EtOH ethanol
FSP flame spray pyrolysis
H2O water
IN iron(III) nitrate
INN iron(III) nitrate nonahydrate
LT-FSP low temperature flame spray pyrolysis
NOx nitrogen oxides
NRTL non-random two-liquid
PDA phase doppler anemometry
PS-LIBS phase selective laser induced breakdown spectroscopy
TEM transmission electron microscopy
TTIP titanium(IV) isopropoxide
UNIFAC universal quasichemical functional group activity coefficients
UNIQUAC universal quasichemical activity coefficients
VLE vapor liquid equilibrium
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Symbol Unit Meaning
BM [-] Spalding mass transfer number
BT [-] Spalding heat transfer number
cp [J/(kg K)] specific heat capacity
d [m] droplet diameter
D [m²/s] diffusivity
E [kJ/mol] activation energy
FM [-] diffusion film correction factor
FT [-] thermal diffusion correction factor
G [-] number of different groups
h [J/(m²sK)] heat transfer coefficient
H [-] number of components
k [-] number of structure groups
L [J/kg] latent heat of vaporization
Le [-] Lewis Number
m [kg] droplet mass
ṁ [kg/s] mass evaporation rate
Nu [-] Nusselt number

Ñu [-] modified Nusselt number
p [N/m²] pressure
Pr [-] Prandtl number
qw [-] relative Van-der-Waals surface area
Q [J] heat transfer
Qk [-] specific constant for group k
r [m] radial coordinate
rd [m] droplet radius
rw [-] relative Van-der-Waals volume
R [J/(mol K)] universal gas constant
Re [-] Reynolds number
RH [%] relative humidity
Rk [-] specific constant for group k
Sc [-] Schmidt number
Sh [-] Sherwood number

S̃h [-] modified Sherwood number
t [s] time
T [K] temperature
T [K] average temperature
u [m/s] velocity
X [-] mole fraction
Y [-] mass fraction
α [-] normalized mass
δ [m] liquid shell thickness
γ [-] activity coefficient
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Symbol Unit Meaning
λ [J/(m s K)] thermal conductivity
M [-] normalized mass
ν [-] number of structural groups
ϕ [-] exponent
ρ [kg/m³] density
T [-] normalized temperature
τ [-] normalized time
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Subscript Meaning
amb ambience
atm atmospheric
b boiling point
d droplet
evap evaporation
f film
g gas
i component
l liquid
max maximum
overlap overlap
s surface
sh liquid shell
t time
th thermal decomposition
tot total
v vapor
∞ condition in the ambience
0 initial value
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Superscript Meaning
C combinatorial
R residual
+ transitional
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