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ABSTRACT

MODELING AND OPTIMIZATION OF NANOPARTICLE PRODUCTION
BY FLAME SPRAY PYROLYSIS METHOD

Alhaleeb, Mustafi
Ph.D., Modeling and Design of Engineering Systems,
Main Field of Study:
Chemical Engineering
Supervisor: Assoc. Prof. Dr. Nesrin E. Machın

June 2021, 289 pages

In this thesis, a computational fluid dynamics (CFD) model is applied to simulate the
flame spray pyrolysis (FSP) process for the continuous production of nanoparticles by
using Fluent V.19 (ANSYS) software and MATLAB sequentially. The model is
developed and validated using the experimental data available in the literature, and
later applied to design a laboratory scale FSP system. Improvement on the applied
CFD model was attempted by using the shear stress transport (SST) k-ω as a turbulence
model instead of the realizable k-ε model. The outcome of this attempt was to reduce
the error in the primary particle size predictions from 20% to 8%. Furthermore, using
an implicit pressure velocity coupling as a numerical solver shortened the
computational time by 96%.
The impact of nanoparticles on the flame gas temperature was taken into account, and
an approach was developed to include the radiation heat losses from the flame to
nanoparticles. By applying this approach, the average error in the gas temperature
prediction was reduced from 24% to 7%, thus lead to the prediction of the primary
particle diameters with a 92% accuracy.

iii

Moreover, a number of parametric studies were conducted to help better understand
the control of the TiO2 nanoparticle sizes produced in the new FSP system. The
modeling validated results showed that, gas-to-liquid-mass ratio (GLMR), energy
input into the flame, dispersion gas pressure drop across the nozzle tip, cooling rate
and the particle residence time are the most important operational parameters which
need to be kept within a certain range to control the final nanoparticle properties.
Keywords: Flame spray pyrolysis, TiO2 nanoparticles, Two-phase nozzle, Design,
Computational fluid dynamics, Fluent, Computational time
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ÖZ

ALEV SPREY PİROLİZ YÖNTEMİ İLE NANOPARTİKÜL ÜRETİMİNİN
MODELLENMESİ VE OPTİMİZASYONU

Alhaleeb, Mustafi
Doktora, Mühendislik Sisteminin Modellenmesi ve Tasarımı,
Ana Bilim Dalı:
Kimya Mühendisliği
Tez Yöneticisi: Doç. Dr. Nesrin E. Machin

Haziran 2021, 289 sayfa

Bu tezde, sürekli nanopartikül üretim yöntemi olan alev sprey piroliz (ASP) süreci,
hesaplamalı akışkanlar dinamiği (HAD) yazılımı olan Fluent V.19 (ANSYS), ve
ardından MATLAB’in kullanıldığı bir yaklaşımla benzetimlenmiştir. Model,
literatürde yer alan mevcut deneysel veriler kullanılarak geliştirilmiş ve doğrulanmış
olup, daha sonra laboratuvar ölçekli bir ASP sistemi tasarlamak için kullanılmıştır.
Uygumalı HAD yaklaşımında, türbülans modeli olarak gerçeklenebilir k-ε modeli
yerine kayma gerilimi taşınımı modeli (SST) k-ω kullanılarak iyileştirme yapılmıştır.
Bu yaklaşım sonucunda primer nanopartikül boyutu tahminlerindeki hata %20'den
%8'e düşürülmüştür. Ayrıca, sayısal çözümlemede eşanlı implicit basınç-hız çözümü,
hesaplama süresini %96 oranında kısaltmıştır.
Nanopartiküllerin alevin sıcaklığı üzerindeki etkisi dikkate alınmış, ve alevden
nanopartiküllere radyasyonla ısı kayıplarını içerecek şekilde bir yaklaşım
geliştirilmiştir. Bu yaklaşımı uygulayarak tahmin edilen alev gaz sıcaklıklarındaki
ortalama hata %24'ten %7'ye düşürülmüş, böylece primer partikül çapları %92
doğrulukla tahmin edilebilmiştir. Ayrıca, yeni kurulan ASP sisteminde üretilen TiO2
nanopartiküllerinin boyutlarının kontrolünü daha iyi anlamaya yardımcı olmak üzere
v

bir dizi parametrik çalışma yürütülmüştür. Modellemenin doğrulanmış sonuçları, gazsıvı-kütle oranı (GLMR), aleve enerji girişi, dağıtıcı gazın nozuldaki basınç düşüşü,
soğutma hızı ve partiküllerin alevde kalma süresinin, nihai nanopartikül özelliklerini
kontrol etmek üzere belirli bir aralıkta tutulması gerektiğini göstermiştir.
Anahtar Kelimeler: Alev sprey pirolizi, TiO2 nanopartikülleri, İki-fazlı nozul, Tasarım,
Hesaplamalı akışkanlar dinamiği, Fluent, Hesaplama zamanı.
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To Libya
I hope for you, my great patriot, to always enjoy security and safety.
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CHAPTER 1

INTRODUCTION
1.1 Preface
Nanoparticles are the basic component of nanotechnology, ranging from 1 to 100
nanometers in size. They include carbon, oxides of metal, metal, or organic matter [1].
At the nanoscale level, when they are compared with their composite particles,
nanoparticles possess unique biological, chemical, and physical properties. Such
uniqueness is the result of an increase in their surface area in relation to their volume,
an increase in their stability or reactivity during a chemical process, or enhancement
in their thermal conductivity [2]. They are different from their counterpart particles
that are not in nano-size level [3].
Nanoparticles have varying shapes, sizes, and structures such as cylindrical, tubular,
spherical, hollow, conical, flat, spiral, or irregular [4]. The dimensions of nanoparticles
will vary from 0 to 3 since they have all 3 parameters, i.e., length, width, and height.
These unique properties have resulted in the use of nanoparticles in various fields with
the aim of improving their performance.
Numerous production methods have been developed and/or improved with the aim of
enhancing their characteristics, increasing their production rates, and reducing
production-related costs. Most of the current methods to produce nanoparticles are the
wet processes, except flame aerosol processes. In wet processes like sol-gel [5], solvothermal [5], and hydrolysis [6], the manufacturing process consists of many steps such
as mixing chemicals, calcination, grinding, washing, filtration, and drying, where each
step needs time that could take more than a week in order to get the final product.
Moreover, getting rid of their wastes because of their adverse effects on the
environment can be costly. Due to the market demand, scalable, reliable, and
environmentally friendly methods to manufacture large quantities of nanomaterials
within a reasonable time, flame aerosol technology has proven itself to be a promising
technology to meet these needs. This uniqueness of aerosol manufacturing technology
has attracted Evonik, Cristal, Ishihara, and other large-scale manufacturers relying on
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it to meet the growing needs of their customers, especially for the SiO2, Carbon black,
a

product

widely

used

in

industries

such

as

TiO2

and

SiO2 [7].

This flame technology is divided into two categories: vapor-fed aerosol flame
synthesis (VAFS), and liquid-fed aerosol flame synthesis (LAFS). The most widely
used one in the manufacturing is VAFS, and it is used to produce a million tons of
titanium dioxide and fumed silica every year [8]. However, it can not be used to
produce a wide spectrum of nanoparticles types because of the difficulties in finding
suitable precursors with high volatility for a particular product [9]. For this reason, it
became a necessity to develop the LAFS methods that can be used to produce
nanoparticles from nearly most of the periodic table elements, and use a wide range of
precursors that cannot be used in VAFS. Liquid-fed aerosol flame synthesis process
can also be classified into 2 categories, depending on the contribution of the pilot flame
or the main flame in providing the heat content. It is classified as flame-assisted spray
pyrolysis (FASP) if most of the heat content of the combustion is provided by the pilot
flame [10], and Flame spray pyrolysis (FSP), if most of the heat of the combustion is
provided by the solvent in the precursor solution [11].
In an FSP process, as shown in Figure 1.1, the precursor dissolved in a solvent is
injected as a spray into a pre-existing flame by using an atomizer device. After the
liquid droplets evaporate, nucleation of the solid particles and particle growth take
place. Particle formation and growth in flame aerosol reactors usually occur via 2
simultaneous processes; coagulation, and sintering. During the coagulation process,
particles grow due to inter-particle Brownian collision. Simultaneously, the sintering
process begins, causing the particles to be joined together through the formation of the
neck by means of solid-state diffusion. As the particles grow or the process
temperature decreases downstream, the time required for sintering increases
dramatically, and then, non-spherical aggregate particles are formed.
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Figure 1.1 Flame spray pyrolysis diagram
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Today, increasing the production rate of the FSP method triggered by the industrial
and market needs is receiving great attention. This is due to the wide range of the
materials that can be manufactured by FSP compared to the other flame aerosol
processes [12, 7]. The production of nanoparticles is done on a small scale in
laboratory environments, and is only sufficient for academic research applications.
Particle size becomes a major concern in the generation of nanoparticles through FSP
when the production capacity is increased, and that is invoked directly and indirectly
by complex processes, such as liquid atomization, mass, heat, and momentum transfer
as well as the chemical reactions. These effects must be well understood before scaling
up. However, it is difficult, time consuming, and costly to study the scale up of the
FSP process in a laboratory in order to understand the effect of the various process
parameters. With the latest advances in computational fluid dynamic (CFD) methods,
the scale-up can be done in a more informed and efficient way, and particle
characteristics at a larger production capacity can be predicted with a reasonable
accuracy, which is the core of this research.
1.2 Research Objectives
Objective of this study is to design and manufacture a well-controlled flame reactor in
order to produce up to a 100 g/h of high-quality nanomaterials, with the help of the
CFD modeling and simulation. Specific points considered in the process design are;
– Cooling of the flame. It is very critical to control the nanomaterial size, and the
cooling demand depends on the process parameters, such as the flowrate of the liquid
and gaseous streams, the type of solvent, precursors, and their concentration, and the
pressure drop across the nozzle for a fine spray.
– The location of the filtering system. In the combustion chamber, exhaust line should
be carefully designed to keep the glass fiber filter surface temperatures below 500 °C,
as well as maintaining a negative pressure gradient across the filter.
The computational fluid dynamics (CFD) package ANSYS Fluent, along with a
MATLAB code, were used to model the FSP process, estimate the nanoparticle size,
and compare the outputs with the experimental results from the previously published
works in the literature. The validated model was used in the design of the new FSP
system in our laboratory. During the design of the process, a special attention was paid
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to the glass fiber filter burnout, controlling the flue gas temperature, and overloading
the vacuum pump.
Another objective of this study is to lower the computational time in simulation
without sacrificing the accuracy, and to develop a method to include the radiative heat
losses in the flame temperatures which has a significant effect on the particle formation
and growth. Computational time reduction is studied with a suitable selection of the
numerical schemes in the simulation. Radiative loss inclusion for the temperature
correction is done by applying the sooting flame temperature correction method on the
nanoparticle laden flame, which, to the best of our knowledge, is applied for the first
time in this field.
1.3 Thesis Organization
This dissertation report consists of six chapters. The first chapter “Introduction”
demonstrated the background of the study, and explained the research problem and
research objectives.
In Chapter 2, the background and theory behind each process in FSP production of
nanoparticles provide- the entire mathematical model used to establish the simulation
model. The various approaches available in the literature for the simulation of FSP
processes were also reviewed.
In Chapter 3, simulation model is established, validated, and improved by using
several experimental data previously published. Particularly, it was focused on
lowering the computation time without sacrificing the accuracy. An approach is also
developed to include the radiation heat losses from the particles, and incorporated in
the Fluent solver settings by adjusting the absorption coefficient parameter. Both
points are discussed in detail in Sections 3.5 and 3.6.
In Chapter 4, the improved model developed in Chapter 3 is used to design our new
FSP system. The cooling system was computationally optimized before the
construction.
In Chapter 5, our model is validated by using our own experimental data for TiO2
production.
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The final chapter of this dissertation report summarizes the findings and gives an
outlook for further studies that needs to be performed.
Appendices A to G contain the further results for the studied cases in Chapter 5.
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CHAPTER 2

BACKGROUND AND LITERATURE REVIEW
2.1 Background
The methods that are used to produce nanoparticles can be classified into 2 basic
categories depending on the formation mechanism of nanoparticles: bottom-up and
top-down [13]. The starting point for industrialization is the main difference between
the 2 classifications. In the bottom-up classification, manufacturing starts with the
molecule level and it grows in size until it reaches the nano-scale. In the top-down
classification, manufacturing starts with the bulk material and it reduces in size until
reaching the nano-scale. Each classification comprises different methods, as can be
seen in Figure 2.1.
Basic nanomaterial manufacturing methods
Top-down manufacturing

Bottom-up manufacturing
Sol-gel

Mechanical milling

Spinning

Nanolithography

Chemical vapor deposition

Laser ablation

Pyrolysis

Sputtering

Biosynthesis

Thermal decomposition

Figure 2.1 Classification of the methods to produce nanoparticles [13]
For large-scale nanoparticle production, the pyrolysis method is the method that is
used most commonly by industry. The precursor is in either vapor or liquid form, and
it is fed into a furnace, through a small hole, under pressure [14]. Flame aerosol
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technology is a special type of a pyrolysis process that uses a flame as the heat source,
and will be explained in the next section.
2.1.1 Flame Aerosol Technology
Fumed silica was first patented by Kloepfer (1942), under the name Aerosil [15].
Mezey, in 1966, secured a patent for TiO2 and SiO2 synthesis [15]. From 1971 to 1982,
Ulrich et al. [16– 19] first investigated the flame synthesis of ceramic powders by
studying the synthesis of silica powders by flame. Though they faced many challenges
in accessing reliable data, they found that the predominant step was coagulation, rather
than nucleation in the particle formation mechanism. Furthermore, they found that the
particle size distributions were the self-preserving [16], which was also observed in
the flame synthesis of TiO2 [20- 21]. These studies also revealed that the size and the
shape of the aggregates depended on the dominant step, i.e., whether it was a particle
collision step or a sintering step [19]. Moreover, Ulrich [19] precisely described the
rate of aggregate using a model based on Brownian collision frequencies. Pratsinis
[15] reviewed the evolvement of aerosol synthesis to 2000. The main focus there was
on industrially high-turbulent process conditions, where nanoparticles were formed
using the vapor-fed aerosol flame synthesis (VAFS) method. It was understood that
VAFS had been commonly used in the industrial manufacturing of fumed silica,
alumina, and titanium pigments. However, the VAFS method had only been used for
a limited number of materials for which precursors were available at low prices, such
as SiO2, Al2O3, Fe2O3, GeO2, SiO2, TiO2, V2O5, ZrO2, YBa2, and Cu3O7 [20- 25]; with
combined nanocomposite TiO2/SiO2, Al2O3/SiO2, V2O5/TiO2, V2O5/Al2O3, Cr/TiO2,
Fe/TiO2, Zn/TiO2, Pt/TiO2, and Cu/ZnO/Al2O3; as well as some non-oxide ceramic
particles, such as TiN, TiC, TiB2, TiSi2, and SiC [26- 27].
In general, the aerosol flame method is divided into two groups according to the
method by which the precursor is fed to the flame. The first method is the VAFS
method, where the precursor in vapor form is fed to the flame with a carrier gas. The
second method is liquid-fed aerosol flame synthesis (LAFS), which was suggested by
Sokolowski et al. [23]. The synthesis of Al2O3 nanoparticles by burning aluminum
acetylacetone droplets in benzene and ethanol is sprayed with a sonic vibrator to break
up the precursor [23].
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In 1996, a method was developed at the University of Michigan Laboratory by Laine
et al., where they were able to synthesize single and multiple oxide nanoparticles, such
as Al2O3, TiO2, ZrO2, Y3Al5O12, and Y2O3/ZrO2, and the method was called flame
spray pyrolysis (FSP) [28- 29]. In the same period, Tikkanen et al. [30- 31] worked on
the same development at the Tampere University of Technology Laboratory.
Since 2000, the FSP method has been further enhanced by Pratsinis et al. [7, 9, 15, 32]
at the ETH Zurich Research Laboratory. Rather than using ultrasonication to break up
the precursor, an atomizer nozzle, surrounded by premixed flamelets, was suggested
to provide the heat required for the evaporation and combustion of the atomized
precursor. In 2002, using the developed FSP, single and multicomponent metal oxide
nanomaterials were produced [11, 33].
Since then, many nanomaterials, both doped and undoped have been manufactured
using FSP for most of the elements in the periodic table, as was reported in the research
of Shuiqing et al. [12] and Park et al. [34].
2.1.2 Flame Aerosol Reactors
Flame aerosol reactors are generally classified based on their method of precursor and
oxidant delivery to the flame [9]. Figure 2.2 shows the basic geometry and operation
of basic burners, which can, for example, be combined and adapted to double flame
[35] or in situ coating reactors [36]. For flames that are premixed, as in Figure 2.2 (left
side), metal-containing precursor vapor is mixed with an oxidant, whereas with
diffusion flame reactors, as in Figure 2.2 (middle), the supply is separate. In the FSP
reactor, the precursor is fed into the liquid phase and the material to be synthesized,
such as the nanoparticles, are dissolved in the precursor. These precursors are
dispersed by a 2-phase nozzle and directly burned using a pilot flame [29], as shown
in Figure 2.2 (right side).
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Premixed Reactor
a

Diffusion Reactor
b

FSP Reactor
c

Agglomeration
Coagulation
Sintering
Surface growth
Nucleation
Chemical reaction
Atomization

Oxidant
Oxidant
Precursor

Dispersion gas

CH4+O2

Precursor

Precursor
Figure 2.2 Flame aerosol reactors of (a) premixed, (b) diffusion, and (c) spray flame

2.1.3 Flame Spray Pyrolysis Technique
Over the past 20 years, the nanoparticle production process using FSP technology has
received a lot of attention because it is possible to produce nanoparticles of most
materials in the periodic table at laboratory scale production rates [12]. Scalability and
reproducibility at pilot scale production rates of 300 g/h ZrO2 [37] and 1100 g/h SiO2
[38] have already been demonstrated. However, the emphasis has now turned to the
use of this technique in industrial production. Coming up with new approaches to
simulate the FSP operations and enlarge the FSP process from the laboratory scale to
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the commercial level is an active research field due to the high cost of experiments that
study the effects of the operating conditions on the reactor design.
In an FSP process, as shown in Figure 1.1, the precursor solution, which contains the
metal precursors dissolved in a solvent, is carried through a capillary tube, which is
placed in the center of the burner nozzle, and atomized by an oxidant (air or oxygen)
gas into small liquid droplets. The droplets, which are exposed to pre-existing heat,
provided by the auxiliary premixed flame, evaporate and react with the oxygen. Solid
nanoparticle formation takes place through several steps at a high temperature. Since
the quantity of nanoparticles is very small in the gas phase, their effects on the
temperature, velocity, and gas phase composition of the flame are neglected [39].
However, the properties of the nanoparticles and quantities depend directly on the
flame operation conditions. Therefore, control of the temperature, velocity, and
composition of the flame in this process is the key points investigated in the simulation
of the FSP processes.
2.2 Flame Spray Pyrolysis Modeling Theories
There are two separate phases in the computational domain of the FSP, labeled as
continuous (oxidant + fuel + combustion products) and discrete (liquid droplets) phase.
In FSP modeling, generally Eulerian approach is used for the continuous gas phase
and 2-D model in the Cartesian tensor form for continuity, momentum, energy,
turbulent kinetic energy, turbulent dissipation energy, and chemical species balance is
applied [39]. Lagrange approach is applied to solve the equation of motion for liquid
droplets, based on the initial droplet size. Theories of mass transfer, heat transfer, the
momentum change within the domain, the chemical reactions of fuel combustion,
atomization and evaporation processes, as well as the solid formation and growth
processes are explained in the next sections.
2.2.1 Atomization Model
Sprays are mixtures of liquid droplet suspended in surrounding gas which belong to
the family of multiphase flows. Sprays can be used in both natural and technical
applications. They can also be used in many applications such as home burners,
furnaces, engines, turbines, or chemical reactors. In the aforementioned technical
applications, to generate a spray, an atomizer is commonly used [40]. All that is
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required is an increase in the velocity between the fluid to be atomized and the
surrounding gas or air.
In the FSP reactors, the liquid fuel is also carrier for the metallic precursors, both are
mixed first and atomized using a two-fluid nozzle, then fed to the combustion chamber.
The atomization of liquid to droplets is achieved by a high-velocity dispersion gas.
Flow regime at the two-fluid nozzle throat depends on the nozzle type and
configuration, ultimately changing the spray properties. These nozzles can be further
categorized into external and internal mixing types, depending on the mixing location
of the two phases. The former types are preferred in FSP processes [9, 11, 32, 41-43].
A typical external mixing two-phase nozzle configuration consists of two separate
bodies, as seen in Figure 2.3. All of the most important components and symbols of
the nozzle are illustrated in Figure 2.3, where, X is the gap between the air cap and
outer capillary tube diameter, Xm is the maximum gap available, θ is the angle of
inclination, Ho is the measurable length, Ht is the maximum liquid insert length, and tv
is the wall thickness of the air cap. A fixed inner body (including the liquid delivery
tube) and a movable body (dispersion gas cap, or air cap) [44]. By turning the air cap
clockwise or counter-clockwise, the gap size (X) decreases or increases, respectively.
A convergent-divergent configuration of the nozzle forms when the air cap is
connected. The nozzle gap size at the throat can be adjusted by moving the air cap up
and down. In this configuration, the maximum gas velocity in the throat cannot be
higher than 330 m/s (sonic regime) for air at an applied pressure drop. At the throat
exit, the nozzle configuration diverges and the flow is expanded to a supersonic Mach
number that depends on the area ratio of the exit to the throat. The configuration of the
nozzle must be adjusted to get higher oxygen gas velocity that reflects on the initial
droplet size (ID).
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Dispersion gas cap body

Liquid delivery tube body

Xm

X

Ho

Ht

tv

Dispersion gas Solvent/Precursor Dispersion gas
Figure 2.3 Cross view of the nozzle
The initial droplet size (ID) is affected by the dispersion gas velocity as mentioned
above, and it calculated by using the correlation for external mixing nozzles [40]:
0.29

-0.39

ID= 51 dn Re

We

-0.18

mmix
(
)
mgas

(2.1)

Here,
ρ dn (υgas - υmix )
ρ dn (υgas - υmix )
Re = mix
, and We = mix
μmix
γmix

2

Equation 2.1 reveals that
ID∝μ0.39
, ID∝γ0.18
, ID∝m0.29
mix , ID∝
mix
mix

1
ρ.57
mix

, ID∝

1
(υgas - υmix )

0.75 , and ID∝

1
(mgas )

0.29

It can be deduced that the relative velocity between the liquid and atomisation gas is a
key factor that governs the atomisation quality so that the relative velocity increases
with a decrease in the initial droplet size. To attain good atomisation quality (fine
spray), the nozzle air cap setting must be adjusted to increase the relative velocity as
much as possible for a given pressure drop. The initial droplet size is reduced by 40 %
when the relative velocity is doubled at a constant gas flowrate (increase in pressure
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drop). On the other hand, the initial droplet size is reduced by 15 % if the dispersion
gas mass flowrate is doubled under a constant pressure drop.
The initial droplet size for the external-mixing nozzles is inversely proportional to the
dispersion gas flowrate, and the pressure drop across the nozzle. Any changes in the
dispersion gas flowrate (Qs) at a constant pressure drop require an accurate setting of
the gap (X) between the air cap and outer capillary tube diameter. In order to keep the
throat at sonic conditions, the upstream pressure Pu must be above the critical pressure
of Pd /0.5283, where Pd is the downstream pressure, typically 1 bar, according to the
data reported [11]. This can be achieved by changing the cross-sectional area of the
nozzle throat. This area should be higher than or equal to the critical cross-sectional
area (Amin ), which can be calculated by [11]:
Amin =

Qs
1⁄
2

Pu γ M
ρ u (R Tu )

γ+1

2 2(γ-1)
(γ+1 )

(2.2)

The droplet diameter computed using Equation (2.1) can be used as the initial droplet
diameter if the droplet distribution is considered as a uniform distribution
(monodispersed droplet distribution). If the distribution is considered a non-uniform
distribution (polydispersed droplet distribution), this diameter is used as the maximum
diameter, while the mean diameters are calculated for the droplets within the
distribution in several models. The typical model is Rosin-Rammler-Sperling-Bennet
(RRSB) to find the mean diameter. Also, another model is the Sauter mean diameter
(SMD), where the mean diameter of collection of spherical droplets of different sizes
is equal to the diameter of identical spherical objects forming equivalent collection of
spheres [45]. The SMD is calculated according to the following equation:
SMD=

∑ni=1 ni d3 i
∑ni=1 ni d2 i

Where ni and di are, the number and diameter of the droplet in a droplet size fraction,
respectively. The size fraction is usually defined as the portion of a sample of droplets
lying between two size limits, the upper is the maximum droplet size and the lower is
the minimum droplet size.
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2.2.2 Continuous Phase Model
During combustion, the continuous gas phase is assumed to behave as an ideal gas.
The equations for the 2-D model in the Cartesian tensor form are given below.
Mass conservation equation
Assuming that mass cannot be lost or produced, the conservation equation for mass,
Equation (2.3), also known as the continuity equation, describes the change in mass.
∂ρ
∂
+
(ρ ui ) = Sm
∂t
∂xj

(2.3)

Momentum conservation
The mathematical formulation of the law of conservation of momentum is given as:
∂
∂
∂P ∂(τij )eff ∂
(ρ ui )+
(ρ ui uj ) = +
+
(-ρ
̅̅̅̅̅̅̅̅)
ui uj
∂t
∂xj
∂xi
∂xj
∂xj

(2.4)

In Equation 2.4 above, the first term on the left-hand side (LHS) represents the
accumulation of the momentum (ρui ) and the second term is the convection term. The
terms on the right-hand side (RHS) of Equation (2.4) are the change of the static
pressure (P), the change of the stress tensor (τij ), and (-ρu
̅̅̅̅̅̅̅)
i uj is the Reynolds stress,
which represents the effect of turbulent fluctuation on the fluid flow.
A common method employs the Boussinesq hypothesis to relate the Reynolds stresses
to the mean velocity gradients [39]. In this method, the eddy-viscosity concept is used
to determine the Reynolds stresses, which will be explained in more detail in the
turbulence model section within this chapter.
Species conservation
The composition of a gas can be described by the mass fractions Yn of all constituent
species Nt in the gas. The change of Yn is described by their transport equations:
∂
∂
∂ µt ∂Yn
(ρYn ) +
(ρ ui Yn ) =
(
) + Rn + S n
∂t
∂xi
∂xi sct ∂xi

n = 1, ..., Nt

(2.5)

The first term on the LHS of Equation (2.5) represents the accumulation of Yn and the
second term represent the convection by the gas phase velocity. The first term on the
RHS is the change of Yn by diffusion, the second term Rn represents the change of
Yn due to chemical reactions, and last term Sn is the rate of creation of Yn represents
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the increase of Yn due to evaporation of the droplets by addition from the dispersed
phase.
Energy transport equation
The conservation equation for the total energy is outlined as following:
∂
∂
∂
dT
(ρ Et )+
(keff
((ρ Et +P)ui ) =
- ∑j Jj ei + ui (τij )) +Sh
∂t
∂xi
∂xi
dxj

(2.6)

The first two terms on the LHS of Equation (2.6) are the accumulation and convection
of the total energy (Et ) respectively. Three terms on the right-hand side in Equation
(2.6) represent energy transfer due to conduction, species diffusion, and viscous
dissipation, respectively. Sh includes the volumetric heat sources from radiation. In
this equation, keff , J, τ, and e are effective thermal conductivity, diffusion flux, viscous
stresses, and sensible enthalpy, respectively.
2.2.3 Turbulence Model
The Spalart-Allmaras model is a 1-equation eddy viscosity model which was
developed by Spalart et al. [46] to describe the turbulence. The Spalart-Allmaras
model was developed for aerodynamic flows, it is not calibrated for general industrial
flow.
Since aerosol reactors usually involve jet flames, the realizable k-ε model [47] may be
preferred to the standard k-ε model, and the re-normalization group (RNG) k- ε [48]
models that are not accurate for round-jet anomaly [49]. In the case of swirling [50]
and dispersing [51] flows, (shear-stress transport) (SST) k-ω model performs better
[52].
2.2.3.1 Realizable k-ε Model
Eulerian approach generally uses realizable k-ε turbulence model to simulate the
continuous phase. K-ε model is a 2-equation eddy viscosity model that was developed
by Shih et al. [47] to describe the turbulence. This model is generally selected because
it has the advantage of eliminating known anomalies in predicting the spread rate of
round jets [47].
Most turbulence models use the eddy-viscosity concept to determine the Reynolds
stresses from:
16

-ρ ui uj µt (
̅̅̅̅̅̅̅̅=

∂ui ∂uj
2
∂uk
+
) - (ρ k + µt
) δij
∂xj ∂xi
3
∂xk

here µt is the eddy viscosity and k is the turbulent kinetic energy.
The eddy viscosity µt is computed by combining dissipation rate (ε) and k as follows
k2
µ t = ρ Cu
ε
The modeled transport equations for k and ε in the realizable k-ε model were:
∂
∂
∂
ut ∂k
(ρ k ui ) =
(ρ k)+
[(µ+ ) ] + G ̃k + G ̃b - ρε- YM + Sk
∂t
∂xi
∂xj
σk ∂xj

(2.7)

∂
∂
∂
ut dε
ε2
ε
(ρ ε)+
(ρ ε ui )=
[(µ+ ) ] + ρ ε S C1 - ρ C2
+ C1ε C3ε Gb + Sε (2.8)
∂t
∂xi
∂xj
σε dxj
k+√εν k
where
C1 =max ⌊0.43,

η
k
⌋ , η= S , and S=√2Sij Sij
η+5
ε

The first term on the LHS of Equation (2.7) and Equation (2.8) represents the rate of
change of k or ε with time. The second term represent the convection of k or ε by the
gas phase velocity. On the RHS of Equations (2.7) and (2.8), the first term represents
transport of k or ε by diffusion and the second term represents rate of production of k
or ε. In these equations, G ̃k represents the generation of turbulence kinetic energy due
to the mean velocity gradients, G ̃b is the generation of turbulence kinetic energy due
to buoyancy, YM represents the contribution of the fluctuating dilatation in turbulence
to the overall dissipation rate. In these equations, C2 , and C1ε are constants. σk and σε
are the turbulent Prandtl numbers for k and ε, respectively. Sk and Sε are user-defined
source terms. Sij is the mean strain rate.
2.2.3.2 Shear-Stress Transport (SST) k-ω Model
The (SST) k-ω model is used because it combines the robust accurate formulation of
the k-ω standard model in the near-wall region, as well as the efficiency of k-ε standard
model in the far-field away from the walls [52]. From the following transport
equations, the turbulence kinetic energy, k, and the specific dissipation rate, ω are
calculated by using the equations below.
Turbulence kinetic energy equation:
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∂
∂
∂
dk
(ρ k) +
(ρ k ui )=
(Ґk ) + G ̃k - Yk + Sk
∂t
∂xi
∂xj
dxj

(2.9)

Dispersion rate of turbulence kinetic energy equation:
∂
∂
∂
∂ω
(ρ ω) +
(ρ ω ui ) =
(Ґω ) + Gω -Yω + Dω + Sω
∂t
∂xi
∂xj
∂xj

(2.10)

The (SST) k-ω is based on both the k-ω standard model and the standard k-ε model.
To blend these two models together, the standard k-ε model has been transformed into
equations based on k and ω, which leads to the introduction of a cross-diffusion term
Dω in Equation 2.10. Dω is defined as
Dω = 2 (1- F1 ) ρ

1
∂k ∂ω
ω δω,2 ∂xj ∂xj

Here, the turbulent viscosity was defined as:
ρk
µt =
1 SF
ω max ( * , a 2 )
α
1 ω
where F1 and F2 are the blending function. The blending function is designed to be one
in the near-wall region, which activates the standard k-ω model, and zero away from
the surface, which activates the standard k-ε model. The blending functions, F1 and F2 ,
are given by
F1 = tanh (∅41 )
500 µ
4ρk
√k
∅1 = min [max (
,
),
]
2
0.09 ω y ρ y ω
δω,2 D y2
F2 = tanh (∅22 )
∅2 = min [2

500 µ
√k
,
]
0.09 ω y ρ y2 ω

where y is the distance from the center of a computational cell to the next surface, δω,2 ,
and D are model constants. The hyperbolic tangent function gives a smooth transition
between the k-ω and k-ε standard models. In case far-field away from the wall the
higher value of y decrease the values of ∅1 and ∅2 , the smallest values of ∅1 and ∅2
make the zero value of the blending functions, F1 and F2 (k- ε standard model
activated). While the small value of y in case near the wall increase the values of ∅1
and ∅2 resulted in unity value of the blending functions (k- ω standard model
activated).
18

The first terms on the LHS of Equations (2.9) and (2.10) represent rate of change of k
or ω with time. The second terms represent the convection of k or ω by the gas phase
velocity. On the RHS of Equations (2.9) and (2.10), the first terms represent transport
of k or ω by diffusion and the second term represent rate of production of k or ω. On
the RHS of these equations, the term G ̃k represents the production of turbulence
kinetic energy and Gω represents the generation of ω. Ґk and Ґω represent the effective
diffusivity of k and ω, respectively. Yk and Yω represent the dissipation of k and ω due
to turbulence. Dω represents the cross-diffusion term and Sk and Sω are user-defined
source terms.
2.2.4 Discrete Phase Model
The formation of spray droplets is classically described by the primary and secondary
breakup [40]. In the primary breakup, the liquid core forms large and irregular
filaments which break up further into smaller droplets in the secondary breakup. The
Lagrangian discrete phase model (DPM) in ANSYS Fluent is applied to implement
the atomization and vaporization process.
The trajectories of the discrete phase drops are calculated by solving the equilibrium
equation of force for the droplets:
dud 18µ Cd Re
1
(1)
=
(u
u
)+
gi
g
d
dt
B
ρd dd 2 24

(2.11)

where B is the droplet to gas density ratio, ug is the gas velocity, ud is the droplet
velocity, and ρd is the density of the droplet. The drag coefficient was defined as:
Cd = b1 +

b2
b3
+ 2
Re Re

where b1, b2, and b3 are the constants that were applied for the round beads over a wide
range of Re numbers [52]. The initial droplet size is calculated using an Equation (2.1).
The energy conservation equation on droplets is:
mpcp

dT
K∞
dmi
= Ad εd σ (T4R - T4d) Nu Ad (T∞- Td) - ∑
(h )
dt
dd
dt avp,j

(2.12)

i

The Nusselt number, Nu, is calculated using the correlation of Ranz and Marshall
[54] as:
Nu= (2+0.6Red 0.5 Pr0.33)
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When the total vapor pressure at the liquid droplet surface became higher than the
pressure of the continuous gas phase, the multicomponent droplets are assumed to be
in the boiling region, and the following equation is used to calculate the evaporation
rate [55]:
Cp (T∞- Td)
dmi xi π dp k∞
=
Nu ln (1+ ∞
)
dt
Cp∞
havp,j

(2.13)

To simplify the simulation process, the following assumptions are employed:
⎯ The discrete phase droplet volume does not exceed 10% of the continuous gas;
thus, excluding the additional force generated upon collision
⎯ The droplets do not break up into smaller elements
To include the effect of the discrete phase on the continuous phase a coupled approach
(or “two-way coupling”) is applied [56]. In the two-way coupling, the impacts of
discrete phase on the continuous phase appear as a source of mass (Sm) in the
continuous phase continuity Equation (2.3), and as a source of a chemical species (Sn)
in Equation (2.5).
2.2.5 Chemical Reaction Model
Combustion is a high temperature chemical reaction between a fuel and an oxidizer
that uses the energy in the fuel and releases heat. These reactions may be represented
by a single-step overall mechanism or a multi-step global mechanism. The rate of
chemical reaction can be calculated by using eddy-dissipation (ED) model, or Eddy
Dissipation Concept (EDC) model to account for the single-step overall reaction rate,
or the multi-step global mechanism, respectively [56]. The net source, Rn, of chemical
species “n” due to chemical reaction r is computed as the sum of the reaction sources
over the NR reactions that the species participate in, which is required for Equation
(2.5) above:
NR

Rn =M w, n ∑ Ṙn,r
n=1
__
_
_

where,
__ _

Mw, n is the molecular weight of species n and Ṙn,r is the rate of reaction of species n
in reaction r.
20

2.2.5.1 Eddy Dissipation (ED) Model
ED model is built on the assumption of fast-burning fuels and a high rate of mixing.
Combustion is controlled by mixing, and the complex and often unknown chemical
kinetic rates can be safely neglected. Combustion in the flame is modeled by
considering a single-step overall reaction. The rate of reaction Ṙn,r is calculated using
the (ED) model given by Equation (2.4) [57].
Ṙn,r = - A ρωmin [YF, YO/F, B YP/(1+F)]

(2.14)

where A and B are the dimensionless empirical coefficients, with default values of 4
and 0.5. The values of 4.0 and 0.5 were based on the empirically derived values given
by Magnussen and Hjertager [57]. They performed computations for the turbulent
diffusion flames and premixed flames in order to test if their model would be valid
using those values. They determined that the predictions and experimental temperature
profiles were congruent using those values. Their validation assumed that the fuels
burned quickly and that the overall reaction rate was controlled by turbulent mixing.
In Equation (2. 14), ω is the specific dissipation rate, Y is the mass fraction of the fuel
(F), oxidant (O), and products (P), and F is the stoichiometric mass of oxidant required
to consume 1 kg of fuel.
2.2.5.2 Eddy Dissipation Concept (EDC) Model
The combustion reaction is modeled by considering a multi-step global reaction. The
EDC model is an extension of the eddy-dissipation model to include detailed chemical
mechanisms in turbulent flows [58]. It assumes that reaction occurs in small turbulent
structures, called fine scales. Reactions proceed over the time scale, governed by the
Arrhenius rates, and the net source of chemical species n due to reaction is computed
as the sum of the Arrhenius reaction sources over the NR reactions that the species
participate in:
NR

Rn =M w, n ∑ Ṙn,r
n=1
_

here, Mw, n is the molecular weight of species n, and Ṙn,r is the Arrhenius molar rate of
creation/destruction of species n in reaction r.
For an irreversible reaction, the molar rate of creation/destruction of species in the
reaction is;
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Nt

(η'J,r - η''J,r )

Ṙn, r = Γ(ν''i,r - ν'i,r ) (kf,r ∏[CJ,r ]

(2.15)

)

J=1

where,
Nt = number of chemical species in the system
ν'i,r = stoichiometric coefficient for reactant i in reaction r
ν''i,r = stoichiometric coefficient for product i in reaction r
CJ,r = molar concentration of species J in reaction r (kmol/m3)
8
:
;= <

η′J,r = rate exponent for reactant species J in reaction r
?
@
AC B

η′′
J,r = rate exponent for product species J in reaction r
E

For a reversible reaction, the molar rate of creation/destruction of species n in
reaction r is given by
Nt

η'J,r

Ṙn, r = Γ(ν''i,r - ν'i,r ) (kf,r ∏[CJ,r ]

Nt

η''J,r

-kb,r ∏[CJ,r ]

J=1

)

(2.16)

J=1

A third body reaction takes place when two species A and B combine to produce a
single product species AB. This reaction necessitates the third body colliding with the
excited substance AB* to stabilize it. The molar concentration of the third body and
the coefficients of the collision efficiency of the species with the third body are only
important in reactions involving the third body.
N

Γ= ∑ γj,r Cj
j

where
UU

Γ is the net effect of the third body on the reaction rate
γj,r is the third-body collision efficiency of the species jth in the reaction rth
The forward rate constant, k f,r , is computed using the Arrhenius expression.
__ _ __ _
_

2.2.6 P-1 Radiation Model
Determination of the radiative heat transfer from a flame requires the presence of a
temperature profile with its radiation characteristics; however, the temperature profile
is unknown at the beginning of the simulation. For this reason, the related
22

computations have to be conducted in line with the principal energy given in Equation
(2.6), through a heat source term Sh.
The heat source term can be calculated based on the P-1 model, which is a particularly
useful radiation model for the modeling of fuel combustion processes [56]. The P-1
radiation model stands at the lower level as opposed the higher order P-N model. The
radiation intensity is expanded in a chain, in terms of the normalized spherical
harmonics stands, which are at the core of the P-1 model [59], and it has the key benefit
of addressing the radiative exchange factor between the gas and the liquid droplet [59].
The radiation flux equation can be simplified for the P-N model using a series of 4
terms that result in Equation (2.17) for the P-1 model [59]:
qr = -

1
3(ag + σs )- C σs

∇G

(2.17)

where ag is the absorption coefficient, σs is the scattering coefficient, G is the incident
radiation, and C is the linear anisotropic phase function coefficient.
After introducing the parameter:
Γ=

1
(3(ag + σs ) - C σs )

Equation (2.17) is simplified using the above Γ parameter to:
qr = - Γ ∇G

(2.18)

∇. (Γ ∇G) - ag G + 4 ag n2 σT4 =SG

(2.19)

The transport equation for G is:

Here, σ is the Stefan Boltzmann constant, while n is the refractive index of the medium,
and SG is a user-defined radiation source. The incident radiation G is calculated by
solving Equation (2.19).
Combining Equation (2.18) and (2.19) yields the following equation:
∇.qr = ag G - 4 ag n2 σT4
The expression of -∇.qr can be directly substituted as Sh into the energy transport
equation into the formula [Equation 2.6] to account for heat sources (or sinks) due to
the radiation.
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2.2.6.1 The Weighted-Sum-of-Gray-Gases Model
Fluent simulation considers the radiation heat transfer by using the P-1 model to
account for the heat radiation transfer between the flame, and CO2, and water vapor in
the combustion gas products (continuous phase). In this model, the radiation properties
are required as a weighted-sum-of-gray-gases model (WSGGM) and employed to
calculate the absorption coefficient of the gray gas. The WSGGM approximation for
the gas assumes that the atmosphere is transparent to solar radiation, and possesses an
absorption coefficient that is constant throughout the region that is emitting the
infrared wavelength [60].
The absorption coefficient of the gas, ag , required in Equation (2.19) can be
determined using the equation given in the ANSYS Fluent Theory Guide [56]:
ag = -

ln(1- ϵt )
S

(2.20)

The weighted-sum-of-gray-gases model is applied to calculate the total emissivity (ϵt )
coefficient, where the total emissivity and polynomial coefficients are reported by
Smith et al [60] for carbon dioxide, water vapor, and mixtures of these gases. The total
emissivity for the WSGGM is evaluated using the following equation by Smith et al.
[60].
I

ϵt = ∑ a∈,i (T)[1-e-kiPS ]

(2.21)

i=0

where,
a∈,i is the emissivity weighting factors for the ith gray gas at gas temperature T in K
I

is the number of gray gas components

ki

is the absorption coefficient for each gray gas

P

is the sum of the partial pressures of the absorbing gases.

S

is the mean beam length

and the temperature dependency of the emissivity weighting factors is a polynomial
that is calculated using equation by Smith et al. [60] as:
J

a∈,i = ∑ b∈,i,j Tj-1
j=0
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where b∈,i,j are referred to as the emissivity gas temperature polynomial coefficients.
The absorption and polynomial coefficients are provided in (Table 1) Smith et al. [60].
From a mass balance around the domain, the total partial pressure (P) of water over
the partial pressure of CO2 can be calculated. Moreover, from the domain geometry,
the mean beam length (S) can be calculated using the following equation, which is
given in the ANSYS Fluent Theory Guide (page 171) [56]:
S = 3.6 V/A
where V is the fluid volume, and A is the total surface area of the fluid boundaries.
Subsequently, the way to find V and A depends on the domain geometry, where
V = 𝜋/4*D2*h (the fluid volume)
A = 𝜋D*h+𝜋/2D2 (side surface area + top surface area + bottom surface area)
Based on the above values, it can be decided which data in (Table 1) Smith et al [60]
should be used to calculate the total emissivity in Equation (2.21). These data [60] are
valid for 0.001 ≤ PS ≥ 10 atm.m and 600 ≤ T ≥2400 K, by assuming the pressure inside
the FSP chamber 1 atm. For T > 2400K to 3000, the coefficient values are available in
the study of Coppalle et al. [61].
2.2.6.2 The Effect of Soot on the Absorption Coefficient
When calculating the soot formation, ANSYS can take into account the influence of
the soot concentration on the radiation, based on an effective absorption coefficient for
the gas-soot mixture. The generalized soot model estimates the effect of soot on the
radiation heat transfer by determining an effective absorption coefficient for this
substance. The absorption coefficient of a mixture of soot and an absorbent (radiating)
gas is then calculated as the sum of the absorption coefficients of gas and soot, as
below [62, 56]
ags = ag + as

(2.22)

where ags is the effective absorption coefficient of a mixture of soot and an absorbent
gas, as is the absorption coefficient of the gas without soot (obtained from the
WSGGM) Equation (2.20), and as is the absorption coefficient for soot [60- 62]. From
a mass balance results, the value of soot mass concentration (Cm) can be used to
calculate the absorption coefficient of solid as at different temperatures. Sazhin et al.
[63] provided the soot absorption coefficient with the following equation:
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as =1232.4 Cm [1+ 4.8 10-4 (T-2000)]

(2.23)

Here, T is the temperature of the radiation source in Kelvin, as is the soot absorption
coefficient (1/m), and Cm is soot mass concentration (kg/m3).
The values of ags are introduced into Equation (2.19) instead of ag to consider the
effect of soot on the flame temperature.
2.2.6.3 Radiation Heat Transfer to the Liquid Droplet (Discrete Phase)
When the P-1 is enabled as the radiation loss model, droplet emissivity is required to
consider the heat exchange by radiation between the flame and the discrete phase. The
values of the liquid droplet emissivity are generally assumed in the range between 0.9
and 1.0, which is close to that of pure water [64]. The radiation heat transfer to droplets
is considered using Equation (2.12). The heat transferred to or from the gas phase
becomes a source/sink of energy during subsequent calculations of the continuous
phase energy equation (Equation 2.6).
2.2.7 Solver Algorithms
Pressure-based methods are developed for low-speed incompressible flows and
compressible flows with lower Mach numbers, while density-based methods are
mainly used for high-speed compressible flows [56, 65].
2.2.7.1 Pressure-Based Algorithms
The pressure-based solver uses an algorithm that belongs to the general method
category and is called the projection method [66]. In the projection method, the
constraint of mass conservation Equation (2.3) of the velocity field is achieved by
solving the pressure correction equation. The continuity Equation (2.3) and
momentum Equation (2.4) equations are used to derive the pressure correction
equation. The velocity field corrected by the pressure should satisfy the continuity
equation. Because the governing equations are coupled to each other and non-linear,
the solution process of the governing equations involves iterations until the numerical
solution reaches a convergence. ANSYS Fluent provides 2 pressure-based solver
algorithms; the segregated and coupling algorithms. These 2 algorithms are discussed
in more detail with a flow chart diagram, as shown in Figure 2.4.
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2.2.7.2 Pressure-Based Segregated (SIMPLEC) Algorithm
The pressure-based solver uses a solution algorithm in which the governing equations
(2.3) to (2.10) are solved sequentially (that is, segregated from one another). Because
the governing equations are coupled and non-linear, the loop must be solved by
iteration until the numerical solution reach a convergence [56].
In the model herein, the 2-D model in the Cartesian tensor form equations (continuity,
momentum, energy, turbulence dissipation energy, turbulence kinetic energy, and
chemical species) are discretized into algebraic equations.
In the segregated algorithm, the discretized equations for the solution variables, e.g.,
radial velocity (v), axial velocity (u), pressure (P), and any scalar value (φ) are solved
using the decoupled algorithm, and each iteration consists of the steps shown in Figure
2.4 (left side).
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START

START

Initial guess P*, u*, v*, φ

Initial guess P*, u*, v*, φ

Update the fluid properties (e.g., density,
viscosity, specific heat, turbulent
viscosity)

Update the fluid properties (e.g., density,
viscosity, specific heat, turbulent
viscosity)

Step 1

Step 1

P*, u*, v*, φ
P*, u*, v*, φ

Solve sequentially.

Step 2

-Discretized momentum equation in x
direction

Step 2

- Discretized momentum equation in y
direction

-Discretized momentum equation in x
direction

P*, u**, v**, φ

- Discretized momentum equation in y
direction

continuity equation
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continuity
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density, viscosity,
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momentum
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viscosity
equation. )

Step 4
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-Discretized continuity equation

P**, u**, v** , φ
Set
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P*=P
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v*=v

P*=P
u*=u
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Step 3
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P=P**, u=u**, v=v**
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Step 5
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and other scalar equations.

Solve energy, species, turbulence,
and other scalar equations.
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?
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?

NO
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Yes
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STOP

STOP

Figure 2.4 Pressure-based algorithms: SIMPLEC algorithm (left-side) and
COUPLED algorithm (right-side) [56]
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In the first step in Figure 2.4 (left side), an initial guess of u, v, P, and any other scalar
values, φ, were taken from the boundary conditions value. In the second step, the fluid
properties were updated based on the previous values of u, v, P, and φ. The new values
for u and v were produced by solving the sequentially discretized momentums
equations in the third step. In the fourth step, the new value for P was calculated using
the discretized continuity equation. In the fifth-step, all of the other discretized
equations were solved. The last step comprised updating the source terms arising from
the interactions among the discreet phases and checking the convergence.
2.2.7.3 Pressure-Based Coupled (COUPLED) Algorithm
In contrast to the segregated algorithm described above, the pressure-based coupled
algorithm solves a coupled equation system that includes a pressure-based continuity
equation and momentum equations. Thus, in this algorithm, as shown in Figure 2.4
(right-side), steps 3 and 4 in the iteration steps for the segregated solutions are reduced
to a single step, in which the coupled system of the equations is solved. The remaining
equations (energy, species, turbulence, radiation, and other scalar equations) are
solved for the segregated solutions as in the decoupled algorithm.
2.2.8 Aerosol Dynamics Modeling
The characteristics of the nanomaterials produced by FSP are directly affected by the
flame temperature and the time of their stay in the high-temperature zone (residence
time). Therefore, the temperature of the flame and the gas velocity must be controlled.
A simple model illustrating particle size, number concentration, and morphology
evolution neglecting the polydispersity of aggregate and primary particles is given in
this section with the following assumptions [67]:
⎯ Homogeneous nucleation is followed by particle growth through clustercluster aggregation with simultaneous coalescence of primary particles
⎯ The initial monomer concentration (No) is obtained after complete
decomposition of the precursor
⎯ The monomers are regarded as stable initial particles
⎯ The particle growth begins after complete evaporation of the mixture droplets
⎯ All agglomerates contain the same number of equally sized primary particles
⎯ The particles in the flame have no effect on the gas flow field
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Figure 2.5 schematically illustrates the process of particle generation and growth based
on monodispersed model. The initial particles are formed by instantaneous chemical
reactions as monomers with a diameter (dmonomer). Surface area (a) of particles grow
by forming the monomer cluster due to the collisions and coalescence, where the
coalescence is related to connected particles through neck formation by solid-state
diffusion. Initially, at the high-temperature zone, the particle coalescence rate is much
larger than the collision rate so spherical particles' surface area is increases until the
primary particles reach the final diameter (dp). Finally, at end of the high-temperature
zone, the particle collision rate is much larger than the coalescence rate, and
agglomerates of primary particles are formed. Assuming that all of the agglomerates
contain the same number of equally sized primary particles (np), the agglomerate has
the equivalent spherical collision diameter (dc) based on fractal dimension (Df). The
Df is set between 1.8 to 3, which is a commonly used range for agglomerate generated
aerosol processes [67].
Nucleation

Coagulation and Sintering

Agglomeration

dc
dmonomer

dp
dc

Figure 2.5 Schematic illustration of the particle formation and growth in a flame
The rates of change of the particle number (N), area (a), and volume (v) concentration
are given by:
dN
1
= - ρβN2
dt
2
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(a- sa )
da
1 dN
=adt
N dt
tsint
dv
v dN
=dt
N dt
Above ordinary differential equations can be further transformed as follows:
df df dx df
=
= υ where f= N; v; a
dt dx dt dx gas
ρgas βN2
dN
=dx
2υgas

(2.24)

da aβρgas N (a- sa )
=
dx
2υgas
tsint υgas

(2.25)

dv v βρgas N
=
dx
2υgas

(2.26)
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The primary particle diameter (dp), number of primary particles per agglomerate (np),
and agglomerate collision diameter (dc) are [65]:
6v
a

(2.27)

a3
36πv2

(2.28)

dp =
np =

1

dc = dp (np )Df

(2.29)

The initial conditions taken at the end of the evaporation process are:
v0 = (

MWZrO2
)
NA ρZrO2

CONCZrO2 *1000*NA
N0 = (
)
ρgas
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(2.30)
(2.31)

a0 = (

6*a0
dmonomer

)

(2.32)

The relation between sintering time (tsint ), primary particle size and gas temperature
can be obtained based on the initial stage sintering methods that are center-to-center
with an extension that connects 2 spheres of identical dimension [68]. The sintering
process is complete once this neck formation between the spheres fades out upon the
ratio of curvature-initial sphere radius, rp (= dp/2), achieving 0.83 for ZrO2
nanoparticles [69]. The diffusion of 18O as a tracer in interfaces in ZrO2 occurs 3 orders
of magnitude faster in comparison to the bulk of the crystallites [70]. In this way, one
can write the characteristic sintering time for grain boundary diffusion as [68]:
0.001703RTd4p
tsint =
16 wDgb γΩ

(2.33)

where R is the universal gas constant (J/mol-K); w is the grain boundary width, which
is 5.1010 m [68]; Dgb (m2/s) is the grain boundary diffusion coefficient; γ (J/m2) is the
surface tension according to Rosner-Kuhn et al. [71], and Ω = 2.01998.105 m3/mol is
the molar volume of ZrO2. The Dgb for ZrO2 is:
-E
Dgb =D0 exp ( )
RT

(2.34)

where, D0 (m2/s) is the grain boundary diffusion pre-exponential factor and E (J/mol)
is the activation energy. For ZrO2, the D0 with an exponential factor of an activation
energy, as proposed by Brossmann et al. [70], Keneshea and Douglass [72], and
Madeyski and Smeltzer [73] are given as:
D0 = 3.30.10–5 (m2/s) with E = 1.880.105 (J/mol) [68]
D0 = 2.34.10–6 (m2/s) with E = 1.891.105 (J/mol) [72]
D0 = 9.73.10–7 (m2/s) with E = 2.330.105 (J/mol) [73]
For CeO2, the molar volume is Ω = 2.380.105 m3/mol, and the Dgb is determined using
Equation (2.34). The D0 and activation energy, as proposed by Ackermann et al. [74],
are given as:
D0 = 3.0888.10–8 (m2/s) with E = 3.4456.105 (J/mol) [74]
For TiO2, the time takes for the sintered-neck diameter to reach 83% of the initial
primary particle diameter is called the characteristic sintering time, tsint, given by
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Kobata et al. [69]. The performance of the following tsint values was investigated by
Kobata et al. [69].
tsint =7.4×1016 d4p exp (

258000
)
RT

(2.35)

where dp is the primary particle diameter (m), and T is the temperature (K).
Equation (2.35) was derived from the analysis of the sintering rate of TiO2 for
temperatures between 1123 and 1473 K by Kobata et al. [69]. Using Equation (2.35),
a final primary particle size of 50 nm was predicted, which was fairly consistent with
experimental results [69]. Seto et al. [75] tested Equation (2.36) and simulated the
particle size evolution, which was in good agreement with the primary particle
diameters of TiO2 estimated (dp =10–100 nm) for temperatures between 300 and 1673
K.
tsint =7.9×1015 d4p exp (

258000
)
RT

(2.36)

Johannessen et al. [76] suggested an efficient sintering time for ultrafine titanium
particles by using Equation (2.37), for TiO2 manufacturing experiments via the
oxidation of TiC14 vapor at temperatures up to 2000 K.
tsint =1.3×1028 d4p

T
148000 1
1
( ))
exp (
1400
R
T 1400

(2.37)

2.2.9 Characterization of Nanoparticle Sizes
The particle size of nanoparticles can be determined using numerous commercially
available instruments. These instruments can be used for the analysis of dry powders
and powders dispersed in suspension. In this study, two basic methods of defining
particle sizes are used.
The first method called High Resolution Transmission Electron Microscopy
(HRTEM) to measure the particle dimension parameters from particle images.
HRTEM images can yield information such as particle size, size distribution, and
morphology of the nanoparticles. Typically, the calculated sizes are expressed as the
diameter of a sphere based on image scale. Typically, ImageJ software is used for
accounting and measure particle size.
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The second method called Brunauer, Emmett, Teller (BET) (Brunauer et al. [77])
method which utilizes the relationship between particle surface area and its diameter.
In this method, all of the particles are assumed to have the same equivalent spherical
size. It is used to measure the specific surface area (SSA) of solids, which involves
drying of a powder in a vacuum and then measuring (using a microbalance) the
adsorption of nitrogen gas (assumed as a monolayer) on the surface and in micropores
[77]. The specific surface area of the particles is the sum of the areas of the exposed
surfaces of the particles per unit mass. From the particle surface per unit mass,
assuming non-porous spherical particles and based on the theoretical density of each
material, the average particle size is calculated. The average particle size of the
nanometers is calculated according to the equation below [78]:
dBET =

6000
ϼ SSA

(2.38)

where ϼ is the density of the particle in g/cm3, and SSA is the specific surface area in
unit m2/g.
2.3 Review of the Previous Modeling Studies
Since 1998, the modeling work has been expanded to meet industrial application
requirements, which require specific nanoscale particle size and shapes. As a result of
these requirements, researchers have focused on understanding the effects of operating
conditions on the end-product specifications.
Ulrich and Subramanian [19] were the first to model the particle sintering steps in
flames. They derived an equation for the evolution of the primary particle size and the
average surface area of the primary particles without addressing the aggregate shape
or size. In their study, it was assumed that the process of coagulation and sintering
occurred separately. Hubble and Sarofim [79], while studying fly ash formation during
coal combustion, found that the primary particle size increased with increasing
temperature, and mathematically computed the relationship of the gas temperature
with the sintering time. It was concluded that increasing the sintering time contributed
to an increase in the primary particle size. Koch and Friedlander [80] realized that the
overall size of the aggregates limited the surface area reduction. They modeled the
evolution of the primary particle size, taking into account the influence of the
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coagulation on sintering, but assumed that the aggregates collided at the same rate as
spherical particles of the same volume. Their model, however, was limited to the free
molecule regime (Brownian motion). In 1993, Xiong and Pratsinis [81] were the first
to take into account the size and shape of the formed powder in the aerosol flame
processes. In addition to this, their model included both the coagulation and sintering
processes, and also implemented the sintering time into the population balance
equations (PBEs). They applied the model to the high-temperature synthesis of titania,
silica [82], and boron carbide particles. Moreover, Xiong et al. [83] and Kruis et al.
[67] developed a monodisperse model to determine the evolution of the aggregate
volume and surface area by simultaneous coagulation and sintering under nonisothermal conditions. They assumed that each aggregate consisted of a number of
primary particles that had the same size (monodisperse). The aggregate structure was
computed by a mass fractal dimension of the aggregates.
In 2000, Johannessen et al. [84] applied Ansys Fluent to predict gas temperate and
velocity while producing alumina particles in a diffusion flame reactor, where the
precursor was sent to the reactor via a carrier gas. They combined the predicted gas
temperate and gas velocity with a monodispersed model to predict the aerosol
characteristics, and validated the prediction of the surface area and shape of the
particles using experimental measurements. A mathematical model for the particle
dynamics with Ansys Fluent was applied by Johannessen et al. [76] to produce TiO2
particles in diffusion flames. They provided an equation to predict the sintering time
by fitting the model predictions to the experimental particle size. In both of these
studies, the models were developed with the assumption that there was no effect of the
presence of nanoparticles on the gas phase temperature.
Mueller et al. [37] and Heine et al. [85] prepared simulation models for the formation
of nanoparticles to include only one spatial dimension based on the previously
measured gas properties. An approach to produce ZrO2 particles using flame spray was
discussed by Mueller et al. [37]. In their approach, the gas temperature was measured
experimentally, and the gas velocity was obtained via a correlation for turbulent jets
as a function of the temperature. In this approach, the atomization and evaporation
processes were neglected by assuming that the evaporation process took place
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instantaneously, and they used a monodispersed model [67] to model the solid
formation process from the gas phase.
Heine et al. [85] developed the previous approach further by using a multicomponent
droplet evaporation model to facilitate the evaporation process in FSP. In addition to
the previous model, Heine et al. [37] also measured the gas velocity. In both [85] and
[37] the gas velocity and temperature were measured experimentally and the results of
the multicomponent droplet evaporation model calculations were used in a simulation
of the solid formation process, which was modeled using discretized population
balance to establish coagulation and sintering from [67]. The developed models by
Heine et al. lacked the consideration of the atomization process. In addition, the solid
formation code relied on experimental temperature and velocity profiles as input data
to simulate the solid formation process. In their approach, the rate of the production of
ZrO2 nanoparticles increased from 100 to 300 g/h and the primary diameter of the
product was increased from 12 to 26 nanometres. Their models did not simulate all of
the processes in FSP, such as atomization and combustion.
Grohn et al. [86] constructed a simulation model for the production of silica
nanoparticles in a diffusion flame reactor, where the process was controlled by mixing.
The reactor was modeled using the 2-D axis-symmetric Ansys Fluent solver with
SIMPLEC pressure-velocity coupling. Their numerical implementation did not
consider the heat transfer by radiation at all. Since the precursors were introduced in
the vapor form into the flame environment, this model did not include the process of
precursor transformation from liquid to vapor. A two-dimensional sectional
agglomerate and primary particle dynamics model was implemented in Ansys Fluent
with a user-defined function in their approach. This simulation model did not include
droplet dynamics and evaporation processes; however, it did calculate the gas
temperature and velocity profiles using Ansys Fluent.
Grohn et al. [87] applied a simple model to predict the properties of ZrO2 nanoparticles
in an FSP process and investigated the laboratory-scale production of ZrO2
numerically. The model was built using a user-defined function embedded in Ansys
Fluent, and utilized the discrete phase method (DPM) model to couple the heat and
mass transfer. Compared to their previous work [87], the heat exchange by radiation
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between the droplet and hot gas was considered, but not the radiation exchange
between solid and gas phase. The model and a C-language code, which was developed
based on the monodisperse model by Kruis et al. [67], was used to evaluate the effect
of the process parameters on product particle characteristics at small-scale production
rates. Since the ZrO2 precursor solution was injected in the liquid phase into the
process, this model considered the process of the precursor phase change from liquid
to vapor during the combustion and aerosol processes. In their model, the magnitudes
of the predicted velocities were found to be higher than those of the 2D phase-doppler
anemometer (PDA) measurements. They also observed differences between the
predictions and Fourier transform infrared spectrometer (FTIR) measurements of the
gas temperatures at a low height above the burner (HAB). The number density of the
droplets measured by the PDA exhibited a parabolic concentration profile in the
direction of the flow at a higher HAB, while the simulations still exhibited a hollow
cone spray shape for all of the HABs. Flame temperature validation was performed for
the pure solvent during the experiments. Despite the shortcomings of the model they
used, this work was the first in this field that validated the CFD predictions with the
most number of experimental data.
Torabmostaedi et al. [39] coupled a monodisperse aerosol model [67] with Ansys
Fluent solver with SIMPLEC pressure-velocity coupling to scale up the production
rate of ZrO2 nanoparticles to 1.2 kg/h. The results of their simulation model were
validated with experimental data obtained from pre-published research work
conducted on nanoparticle production at various production rates and precursor
concentrations. The work in their study involved an investigation of the influence of
the processing parameters on the flame spray structure and the size of the particles that
were produced. They showed that the primary particle diameter was controlled down
to almost 15.5 nanometres at almost all of the production rates. This constant diameter
was achieved by fixing the residence time for all of the ZrO2 production rates while
keeping the gas/liquid flow ratio the same at a constant pressure drop and high
temperature. In all of these studies, the models were developed with the assumption
that there was no effect of the presence of nanoparticles on the gas phase temperature.
In their later work, Grohn et al. [88] applied CFD to predict the properties of the ZrO2
nanoparticles in a pilot-scale reactor and studied the effect of high-temperature particle
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residence time (HTPRT) on the properties. The CFD simulation model was built with
Ansys Fluent v.12.1.4 using a pressure-based, coupled steady-state solver with a
monodisperse model [67] for the evolution of particle volume, area, and number
concentration during the production of ZrO2. CFD results showed that the HTPRT was
important parameter and controlled the properties of the ZrO2 nanoparticles, which
was in agreement with the experimental data. When the HTPRT was kept constant, the
production rate for the ZrO2 nanoparticles could be scaled up from ∼100 to 500 g/h,
without significantly affecting the produced particles size. In this work, they again
neglected the radiation loss in the flame.
Torabmostaedi et al. [89], applied the CFD model [65] to investigate the effect of
different cooling methods on the size of nanoparticles produced by the FSP process.
Their study involved further investigations, such as the ring and a plus ring of the
quenching system, and flow of the air from the upstream direction, and eventually, the
addition of an enclosure around the burner. It was concluded in their study that the air
flow increment had a negative impact on the quenching by increasing the flame height,
while it also enhanced the production yield. The air flow increment had a negative
impact on the particle size, resulting in it being bigger, which is undesirable. The
enclosure surrounding the burner and quenching ring was found to be the optimum
design for the reactor, as it improved the production yield and kept the particle size
and agglomeration under control.
Noriler et al. [90] applied a mathematical model considering a 2-way coupling
between the droplet and gas phase, and one-way coupling between the gas phase and
the solid phase. In their study, cold spray experiments using two different FSP
atomization nozzles were conducted using surrogate model liquids, to study the effect
of increasing the precursor throughput and concentration on the spray and flame
properties in the FSP process. The droplet size distributions were measured using laser
diffraction, while the droplet velocity was measured using particle image velocimetry.
These data were used as the initial droplet conditions in the cold spray simulation and
then applied as experimental reference data in model validation studies. The model
prediction and experiments tended to create a bimodal droplet size distribution by
increasing the dynamic viscosity of the liquid. In their study, using one-way coupling
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between the gas and nanoparticles lead to no effect on the nanoparticles in the gas
phase.
Neto et al. [91] examined the effect of global and quasi-global combustion reaction
mechanisms in a simulation with Ansys Fluent for the prediction of laboratory-scale
FSP-produced ZrO2 nanoparticle sizes [91]. Their simulation study demonstrated a
high flame temperature variation at regions less than 60 mm HAB, and showed a small
variation in the particle diameter with different reaction mechanisms when compared
to the experimental data.
Buss et al. [92] investigated the effect of applying open or enclosed configurations of
the FSP reactor on the particle formation and growth process. A monodisperse
approach based on the population balance equation (PBE) model with Ansys Fluent
to predict particle formation and evolution was used. This investigation showed that,
by supplying an appropriate air co-flow into the enclosed reactor, they were able to
control the gas temperature and recirculation of the nanoparticles inside the reactor,
and consequently controlled the size of the nanoparticles. In their study, the effect of
the mutual radiation interaction of the nanoparticles was not considered, despite the
importance of its effect on the gas temperature [76, 84].
Recently, Meierhofer et al. [93] studied the effect of the operating parameters, and
nozzle configuration on nanoparticle properties during ZrO2 production using Ansys
Fluent. A population balance model (PBM) was coupled with Ansys Fluent to account
for the nanoparticle formation and their agglomeration. They used the Eddydissipation concept (EDC) model to account for the interaction between the turbulence
and chemistry. Laser-based equipment was used to measure the gas velocity and
droplet diameters. Thermocouple (type B) was used to measure the gas temperature,
and the primary particle and agglomerate diameters were measured along the flow
direction. Their simulation model predictions for the nanoparticle diameter and
atomization characteristics were successful.
Buss et al. [94] analyzed flame process parameters during the production of
nanoparticle, the gas temperature distribution, and the residence time of the particles
at different chamber geometries. They used a PBM coupled with Ansys Fluent to
analyze the effect of the flame process parameters and the nozzle configuration on the
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nanoparticle formation during ZrO2 production. They found that providing a higher
co-flowing gas rate to the flame spray reactor reduced the residence time of the
particles in the high-temperature regions, and consequently, decreased the size of the
produced ZrO2 nanoparticles.
Previous modeling studies reviewed up to date have not provided direct evidence of
the computational cost, which is considered as an important concept in computational
fluid dynamics studies. Moreover, previous modeling studies for FSP have not
considered the effect of the nanoparticles on the flame temperature and it was assumed
that there was no such effect. Nonetheless, such an impact has been experimentally
proved by Engel et al. [95]. They covered the region near the burner surface up to 4
cm, and experimentally observed that the flame temperature dropped approximately
500 °C as a result of radiation heat loss from the flame to solid particles at a height
less than 4 cm above the burner (high temperature region). Both of the abovementioned points (computational cost and radiation heat losses) were taken into
account in this thesis and our approach is discussed in Sections 3.3 and 3.6.
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CHAPTER 3

SIMULATION OF THE NANOPARTICLE FORMATION IN THE FLAME
SPRAY PYROLYSIS PROCESS

Flame spray pyrolysis process simulation deals with the physical and chemical
processes that are taking place simultaneously. In Chapter 2, the theories were briefly
explained, and the model equations were given for both the physical and chemical
processes separately. Herein, the FSP process was simulated by using the
computational fluid dynamics package ANSYS Fluent (v.19) code to solve the model
equations for the atomization of the precursor and evaporation of the fuel (organic
solvent), turbulent flow, and combustion process. After convergence was reached in
Fluent, MATLAB code was used to model the aerosol dynamics process, where the
formation, growth, coalescence, and aggregation of the solid nanoparticles take place.
3.1 Procedure
Prior experimental and modeling data by Grohn et al. [87] were utilized to compare
the simulated temperature, velocity, and liquid droplet size of the ethyl alcohol solvent
sprayed into the flame. A 2 Dimensional (2-D) axisymmetric rectangular grid domain
was utilized to describe the FSP geometry used in ref. 87. Computational domain size
was 300 mm high and 100 mm wide. The grid size was progressively refined in a mesh
dependency study. Fluent code was run and gas temperature, velocity, and spray
droplet evaporation height were predicted. These predictions were used as input for
running the MATLAB code, and formation and evolution of the nanoparticles in the
centerline of the flame were calculated. Boundary conditions of the FSP domain and
operation data are given in Table 3.1.
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Table 3.1 Boundary conditions and operation data as provided in the literature [87]
Mass flow (g/s)
Boundary B

Type

or pressure (Pa)

Composition
(wt.%)

Liquid capillary
Zr: 0

Multicomponent 5.30000 × 10–2

Zr: 0.5

injection

5.50000 × 10–2

Ethanol: 100
ZP: 20
1-propanol: 08
Ethanol: 72

5.80000 × 10–2

Zr: 1.0

ZP: 38
1-propanol: 16
Ethanol: 46

Dispersion oxygen
flowrate
3 L/min

Mass flow inlet

7.10000 × 10−2

O2: 100

5 L/min

Mass flow inlet

1.19057 × 10−1

O2: 100

7 L/min

Mass flow inlet

1.70000 × 10−1

O2: 100

Mass flow inlet

7.40000 × 10−2

O2: 80, CH4: 20

Wall

No-slip

––

Inlet/Outlet

1.01325 × 105

O2: 23, N2: 77

Auxiliary burner

Burner walls

Ambient pressure

Zirconium n-propoxide (ZP)
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3.1.1 Computational Geometry and Meshing
Figure 3.1 represents the 2-D axisymmetric model domain employed here.
Ambient (pressure inlet)

Ambient (pressure outlet)

Pilot Flame (mass flow inlet)

Dispersion Gas (mass flow inlet)
Injector (surface injection)

Nozzle Walls (wall no-slip)
a

Axis

b

c

Figure 3.1 (a) Computational domain from the published paper of Gröhn et al. [87].
(b) Inset side-view of the burner. (c) Inset side-view of the nozzle and the capillary
tube
An initial mesh was created, which is depicted in Figure 3.2 (a). A structured
quadrilateral mesh was adopted in the current computation to maintain the mesh at a
high quality during the mesh refinement. The grid around the capillary tube and the
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atomizer was progressively refined as shown in Figure 3.2 (b). In order to ensure that
the Fluent simulation results did not depend on the mesh size, a mesh dependency test
was performed. An optimum mesh size was selected based on the results of the mesh
dependency test, and then, the mesh was transferred to the Fluent program.
a

b

Figure 3.2 (a) Initial mesh of computational domain from the published paper of
Gröhn et al. [87]. (b) Inset: refined mesh of atomizer
The initial mesh comprised 35,520 nodes. In the mesh dependency test, 3 different
locations were chosen on the centerline of the domain to monitor the predicted gas
temperature, as shown in Figure 3.3 Therefore, the initial mesh was continually refined
until the temperature values became independent of the mesh refinement. It was
necessary that the grid size matched the mesh quality standards (minimum orthogonal
quality should be >0.1 and maximum skewness should be <0.8). The outcomes of the
tests indicated that the solution became mesh-independent with 125,000 nodes, as
shown in Figure 3.3, with an orthogonal quality of 0.708 and skewness of 0.5.
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10 mm HAB

20 mm HAB

56 mm HAB

Gas Temperature (K)

3,500
3,000
2,500
2,000
1,500
1,000
500
0
0

100,000

200,000

300,000

400,000

500,000

Number of Nodes
Figure 3.3 Centerline temperature at 3 different heights above the burner (HAB) as a
function of the number of the nodes
3.1.2 Fluent Numerical Scheme
The nozzle geometry and dimensions displayed in Figure 2.3 were input to Fluent.
Since nozzle throat gap size information, X, is not provided in the literature, it was
calculated using the approach developed by Alhaleeb and Machin [96] to adjust the
pressure drop across the nozzle at higher than 0.8 bar. The Fluent cold run (without
flame) was carried out at nozzle throat gap size X to predict the oxygen dispersion gas
velocity around the exit of the capillary tube, which was necessary to calculate the
initial droplet (ID) size using Equation (2.1). The values of ID were used as initial
droplet size in the DPM setting during the hot run.
Table 3.2 DPM settings for the operation data from the literature [87] at different
nozzle settings
Dispersion gas
flowrate
(L/min)
3
5
7

Gap size
X (mm)

Zr: 0 M

0.041
0.080
0.102

17.8
15.0
14.0
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Spray droplet ID (µm)
Zr: 0.5 M
Zr:1.0 M
21
17
16

22
19
18

There are two separate phases in the computational domain, labeled as the continuous
(oxidant + fuel + combustion products) and the discrete (liquid droplets) phase. In this
study, the applied equations (Equation (2.3) to Equation (2.8)) in the Eulerian approach
for the continuous gas phase were in the 2-D model in the Cartesian tensor form
(continuity, momentum, energy, turbulent dissipation energy, turbulent kinetic energy,
and chemical species equations), as given in Section 2.2.2.
In order to describe the turbulence during the simulation, the realizable k-ε model,
which is a 2-equation eddy viscosity model, that was given in Chapter 2 with Equations
2.7 and 2.8 were used.
The Finite Volume Method (FVM), which is based on the control volume, was used
to solve the governing equations Equation (2.3) to Equation (2.8) in Fluent. In FVM,
the Pressure-based method was used as a solver, as explained in Section 2.2.7. The
pressure-based solver uses a solution algorithm in which the governing equations are
solved sequentially. SIMPLEC algorithm (SIMPLE-Consistent) was used for coupling
pressure and velocity. In order to ensure the accuracy, stability, and convergence, a
second-order upwind discretization scheme was used.
To solve the liquid phase model equations, Lagrangian discrete phase model (DPM)
in ANSYS Fluent was applied, and the equation of motion for liquid droplets (Equation
2.11) was solved. Solver uses the initial properties of the droplets at the location of the
droplet release, which is the top surface of the liquid line of the nozzle [56]. The drag
force and the gravity force, as well as numerous additional forces, are included in the
equation of motion for droplets in Equation 2.11. The drag coefficient presented by
Morsi and Alexander [53] was used to calculate the drag force in Equation 2.11. Heat
and mass inter-phase transfer are considered along with evaporation and a stochastic
method known as the Discrete Random Walk (DRW) [97- 98]. Furthermore, the Eddy
Interaction Model (EIM) was employed in order to determine the turbulent droplet
dispersion. Uniform distribution with an initial droplet diameter was calculated by
using Equation (2.1), as shown in Table 3.2.
Also, surface injection type was selected to minimize the error, because this model did
not require the input of the initial positions of the droplets [56]. In the surface injection
model, the initial location of the injected stream was defined as the location of the
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predefined surface (s) and the droplet velocity was calculated based on the amount of
precursors injected and the cross-section area of the liquid exit in the nozzle. It should
be noted that the ideal gas flow was only used for the continuous gas phase [39].
Eddy Dissipation (ED) model was used to calculate the rate of fuel combustion
Equation (2.14). Methane combustion was considered as a single-step reaction.
Radiation heat exchange between the gas and the liquid phase was considered by the
P-1 model as explained in Chapter 2, Section 2.2.6. The discrete phase can exchange
momentum, mass, and energy with the continuous phase using a two-way coupling
between the two phases under steady-state conditions, as explained in Section 2.2.4.
3.1.3 MATLAB Numerical Scheme
Prediction of the primary particle and agglomerate diameters by MATLAB was done
using the methods explained in Chapter 2, Section 2.2.8. The set of the ordinary stiff
differential equations (ode), Equation 2.24 to 2.26, to describe the population balance
model was built based on the simple monodisperse model in MATLAB. These
equations describe the particle growth of ZrO2. MATLAB code was built with the ode
15s function to solve the stiff differential equations with a relative error tolerance of
1×10-13. The code uses the profiles of the continuous gas and droplet phases, such as
gas temperature, gas velocity, and droplet height in the flame predicted by Fluent as
input. The same subroutine written by Muller [100] in C Plus language was applied to
prepare the MATLAB code here.
3.1.4 Model Validation
3.1.4.1 Flame Temperature Profile
Comparison of the gas temperatures measured by FTIR (with error bars of the repeated
measurements (symbols) [87]), and the predicted gas temperature profiles in the
centerline of the flame by this work for 4 mL/min of pure ethanol solvent atomized
with 5 L/min dispersion O2 (black line) and 7 L/min dispersion O2 (Red line) under 0.8
bar pressure drop are shown in Figure 3.4.
As can be seen in the figure, flame temperature behavior can be divided into 3 regions.
The first region starts at the burner surface (HAB=0), where the flame gas temperature
in this region suddenly increases as a result of methane combustion in the flamelets,
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followed by a cool down caused by the dispersion gas and the latent heat required to
evaporate the solvent (A). In the second region (B), the flame gas temperature is
affected by the solvent combustion and it increases until reaching a maximum. Finally,
the third region starts at the HAB where the combustion process finishes, and the flame

Gas Temperature, T, (K)

gradually cools down (C).

T, prediction at 5 L/min O₂, this work
T, measurement, 5 L/min O₂
T, prediction at 7 L/min O₂, this work
T, measurement, 7 L/min O₂

4,000

A

B

C

3,000
2,000
1,000
0
0

2

4
6
Height Above Burner (cm)

8

10

Figure 3.4 Comparison of the measured and Fluent model predicted gas temperature
profiles using the realizable k-ε model. Error bars indicate the errors in the
experiments [87]
Both the modeled and the experimental temperature profiles in the region B showed a
rapid rise, and after a maximum, they gradually dropped to less than 1,000 K, within
20 to 100 mm above the burner surface in region C. Both the model and the
experimental results followed the same profile after a HAB of 20 mm. The flame
height (the axial position where the temperature dropped to (1,323 K) [90]) decreased
from 7 to 5.5 cm, by increasing the oxygen dispersion flowrate from 5 L/min to 7
L/min, respectively, as shown in Figure 3.4. The prediction of the experimental
temperature profile by our developed model was considered successful with an
average error not more than 7% for the region above 10 mm HAB. The same figure
for the region above 10 mm HAB shows that the developed model here predicted the
data within the experimental error bars.
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3.1.4.2 Gas Velocity Profile
The exposure (or residence) time of the primary particles in the flame zone depends
directly on the flame gas velocity. Flame gas velocity profiles along the centerline
above the nozzle exit are divided into 2 regions. The first region is very close to the
nozzle exit (surface), where ethyl alcohol droplets burning with the oxygen cause
expansion of the gas, and a sudden increase in velocity. The second region starts from
the height of the completion of combustion, where, at this height, air entrainment will
cool down the flame and decrease the gas velocity gradually until it drops to zero [101].
Gröhn et al. [87] showed the evolution of the predicted and measured axial gas velocity
of burning ethanol spray in their work (Figure 2 of [87]). They predicted that, for all
of the HABs, the simulations and data were in good agreement for the jet shape and
size. Their gas velocity was maximum around the center axis and decayed towards the
edges of the jet flame; hence, they concluded that it was similar to the burning
hollowcone sprays reported by Faeth [102]. However, if the spray had a hollowcone
shape, the model should have predicted the maximum velocity not in the centerline,
but somewhat between the centerline and the flame edges in the radial direction, as
Figure 4 in their research suggested. Our model predicted the axial gas velocity of the
burning ethanol spray behavior, as shown in Figure 3.5. For all of the HABs, the
simulations predicted the physical model of the flame structure as a hollowcone spray,
which was consistent with the more recent literature [103]. The mean axial velocity
increased with the radial distance from the center, up to a maximum value, and then
decreased towards the outer edges of the spray.
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Figure 3.5 Predicted contour of the gas velocity in the current work for a 4 mL/min
of ethanol and 5 L/min of O2
3.1.4.3 Spray Droplet Behavior
The droplet number concentration was predicted as number of droplets per unit volume
in radial direction for each HAB. The predicted number concentration values are
normalized to unity-based normalization. The unity-based normalization typically
used to bring the values into the range [0, 1] by dividing each predicted value over
max predicted value. The modeling results shown in Figure 3.6 depict a hollowcone
behavior in the radial direction at all HABs for the liquid spray normalized number
concentration. Comparison of the droplet diameters measured as mixing-cup sauter
mean diameter (SMD) (with error bars of the repeated measurements (symbols) [87]),
and the predicted droplet diameters profiles for the 4-mL/min ethanol and 5 L/min
dispersion O2 at HAB between 0 to 35 (mm) are shown in Figure 3.7. As can be seen
in the figure, the measured value across the whole spray decreased from 14.0 to 5.4
micron for a HAB of between 5 and 35 mm, which indicates the evaporation of the
spray droplets. The corresponding SMD predicted by our simulations was from 14.0
to 4.0 microns in this region, which is in agreement with the experimental data.
50

In summary, a comparison of the measured [87] and simulated spray flame
characteristics in the absence of the particles indicated that the employed simplified
simulation model in this work was capable of reproducing adequate temperature,
velocity, and spray behavior of pure ethanol to be used as a basis for the particle
dynamics model.

Normalized Droplet Number
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Figure 3.6 Predicted normalized droplet number concentration for 4 mL/min of pure
ethanol and 5 L/min of dispersion O2 at different HABs by the current model
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Figure 3.7 Comparison of the measured and model predicted droplet diameters.
Error bars indicate the errors in the experiments [87]
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3.1.4.4 Nanoparticle Size
For the prediction of the nanoparticle formation and growth, Fluent solver was run for
the cases that are given in Table 3.1, where the liquid phase contained 0.5 and 1.0 M
Zr precursor in ethanol. The particle formation and its growth depend strongly on the
temperature profile and the velocity profile of the continuous phase, as well as the
initial ZrO2 concentration at the end of the evaporation process. In this study, the end
of the evaporation process is considered where the predicted ZrO2 concentration
reached the maximum value in the flame. Figures 3.8 and 3.9 show the temperature
and velocity profiles in the flame predicted by the current model for 4 mL/min of
zirconium n-precursor concentrations of 0.5 M (solid line) and 1.0 M (dotted line),

Gas Temperature, T, (K)

with 3, 5, and 7 L/min of O2.

T at 3 L/min O₂, 0.5 M

T at 3 L/min O₂, 1.0 M

T at 5 L/min O₂, 0.5 M
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Figure 3.8 Fluent model predicted evolution of the center line gas temperature (T)
distribution along the burner axis
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Figure 3.9 Fluent model predicted evolution of the centerline gas velocity (V)
distribution along the burner axis
Using the above profiles and the initial value of the ZrO2 concentration, the primary
particle diameter (dp) profiles that were computed by MATLAB, using the modeling
approach explained in Section 2.2.8 via the employment of the three ZrO2 diffusion
coefficients in Equation (2.25), were examined and compared to the experimental
BET-diameter [87]. This was done for O2 dispersion flowrates of 3, 5, and 7 L/min,
with 4 mL/min of 0.5 and 1.0 M of Zr precursor, which are shown in Figures 3.10 and
3.11, respectively.
After comparing the results in the figures 3.10 and 11 below, the diffusion coefficient
of Madeyski et al. [73] was chosen in this study to predict the primary particles
diameter. When using the larger diffusion coefficients of Brossmann et al. [70] and
Keneshea et al. [72], the sintering time decreased, leading to larger primary particles
(Figures 3.10 and 3.11).
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Figure 3.10 Primary particle diameter predictions and comparisons with the
experimental data dBET [87] for 0.5 M
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Figure 3.11 Primary particle diameter predictions and comparisons with the
experimental data dBET [87] for 1.0 M precursor concentration
Figures 3.12 to 3.14 show comparisons of the primary particle diameter (dp) that was
experimentally measured [87] and the predicted primary particle diameter profiles.
The solid line along the burner axis indicates 4 mL/min of precursor mixture
comprising 0.5 M (red line) and 1.0 M (black line) of zirconium n-propoxide with O2
dispersion gas flowrates of 3, 5, and 7 L/min, respectively.
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Figure 3.12 shows the prediction of primary particle diameter for the case with 3 L/min
oxygen dispersion flowrate, where the high-temperature sintering rate increased at low
velocity, since the increased residence time of the particles in the flame accelerated the
particle growth. As the flame operation changed to a higher oxygen dispersion
flowrate, the growth rate of the particles decreased, as shown in Figures 3.14 and 3.14.
In all of the cases, it can be seen that the initial position to form the solid was started
after a certain HAB, that the position was dependent on the location of the peak value
of the ZrO2 concentration. The same figures illustrate that after an initial rapid rise
caused by a fast coalescence, the primary particles stopped growing and reached a
plateau above a certain HAB, depending on the oxygen flowrate. The primary particle
size decreased as the oxygen gas dispersion flowrate increased. In the case of the lower
concentration (0.5 M), increasing the dispersion gas flowrate from 3 to 7 L/min
decreased the predicted particle size from 12 to 6.5 nm, and decreased the experimental
BET-diameter attained by Gröhn et al. [87] from 14 to 8.2 nm (see their Figure 11a).
Accuracy is often reported quantitatively by using the maximum relative error. In this
study, the relative error was defined as the difference between the predicted and
experimental particle sizes, divided by the experimental particle size. In the case of the
lower concentration (0.5 M), the maximum error was the highest error for the three
studied cases of the dispersion gas flowrates. The maximum relative error at the low
concentration (0.5 M) was 17%. At a higher initial concentration (1M), the predicted
primary particle diameter increased under the same oxygen dispersion gas flowrates
(Figures 3.12 to 3.14). Increasing the oxygen dispersion gas flowrate from 3 to 7 L/min
decreased the particle size from 15 to 8 nm when compared to the experimental BETdiameter of 19 to 9.5 nm attained by Gröhn et al. [87] (see their Figure 11b). The
maximum relative error in all of the cases between the predicted and experimental
particle size was 20%.
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Figure 3.12 Predicted primary particle diameter (dp). BET-equivalent diameters are
shown as well [87] for 3 L/min of O2

dp for 0.5 M, this work

dp for 1.0 M, this work

dBET for 0.5 M

dBET for 1.0 M

15
10

5
0
0

5

10
15
20
Height Above Burner (cm)

25

30

Figure 3.13 Predicted primary particle diameter (dp). Also shown are the
BET-equivalent diameters [87] for 5 L/min of O2
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Figure 3.14 Predicted primary particle diameter (dp). Also shown are the
BET-equivalent diameters [87] for 7 L/min of O2
3.1.5 Summary of the Findings
Particle growth in the FSP process can be predicted with a reasonable accuracy by
using the SIMPLEC algorithm and realizable k-ε model to represent the turbulence
with reduced reaction mechanism for the combustion by means of the Eddy
Dissipation model. The solid formation was predicted using the temperature and
velocity profiles of the gas phase as the initial value for the MATLAB code herein. It
can be concluded that the results of the CFD model in this study were in good
agreement with the experimental results [87], predicting primary particle’s diameter
and gas temperature within the maximum relative error of not more than 20% and 7%,
respectively. The CFD model developed in this section was used in the design of an
FSP system as discussed in Chapter 4. In parallel, this model was modified to improve
the prediction accuracy, and used to predict the particle sizes of different
configurations and experimental data in the next sections.
3.2 Accuracy Improvement
The simulation model explained in Section 3.1 was applied to 3 different experimental
configurations [87, 91, 101] and their experimental data were predicted by our
simulation approach here. The purpose was to improve the model accuracy, and check
if it could simulate the different domain sizes with different production rates. The first
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change in the approach was to switch to the shear stress transport (SST) k-ω turbulence
model. In Section 3.1, the Euler model was used to simulate the continuous phase using
the realizable k-ε model, which is a 2-equation eddy viscosity model that was
explained in Section 2.2.3.1to describe the turbulence. The developed model in Section
3.1 was not able to predict the gas temperature and gas velocity in a larger domain size
and at a higher production rate. For this reason, the shear stress transport (SST) k-ω
turbulence model was used instead of the realizable k-ε model.
3.2.1 Experimental Data and Computational Geometry
The employed simulation made use of 3 previously published experimental and
simulation data so as to validate the model developed into this section. The boundary
conditions of the FSP domain and operation data applied in the simulations in this
section are given in Tables 3.1, and 3.3. The work by Torabmostaedi et al. [101] was
specifically chosen since it represents data for a larger production process. All three
processes chosen produced ZrO2 nanoparticles.
Table 3.3 Boundary conditions and operation data from the literature [91, 101]

Boundary B

Type

Mass flow (g/s)

Composition

or pressure (Pa)

(wt.%)

Liquid capillary 1
Zr: 0

Multicomponent 6.25000 × 10–2

Ethanol: 100

Zr: 0.5

injection

6.87500 × 10–2

1-propanol: 8
ZP: 20: 8
Ethanol: 72

7.2500 × 10–2

Zr: 1.0

ZP: 38
1-propanol: 16
Ethanol: 46

Dispersion O2 flowrate1
5 L/min
Auxiliary burner1

Mass flow inlet

1.19060 × 10−1

O2: 100

Mass flow inlet

9.40530 × 10−2

O2: 81, CH4: 19
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Table 3.3 (continued)

Burner walls1

Wall

No-slip

––

Ambient pressure

Inlet/Outlet1

1.01325 × 105

O2: 23, N2: 77

injection

3.80000 × 10–1

Liquid capillary2
Zr: 0.5

ZP: 20
1-propanol: 8
Ethanol: 72

Dispersion O2 flowrate2
11 L/min

Mass flow inlet

2.62000 × 10−1

O2: 100

64 L/min

Mass flow inlet

15.2000 × 10−1

O2: 100

Diffusion flame burner2 Mass flow inlet

1.07000 × 10−1

O2: 100

Diffusion flame burner2 Mass flow inlet

2.17000 × 10−2

CH4: 100

Mass flow inlet

3.00000 × 10−1

O2: 100

Burner walls2

Wall

No-slip

––

Ambient pressure2

Inlet/Outlet

1.01325 × 105

O2: 23, N2: 77

Shield gas flowrate2
15 L/min

Zirconium n-propoxide (ZP), 1Neto et al. [91], and 2Torabmostaedi et al. [101]
The first data were taken from Gröhn et al. [87], as given in Table 3.1, and explained
in Section 3.1. The second data were taken from Neto et al. [91] to produce ZrO2 at a
laboratory production scale, as given in Table 3.3 where the computational domain
was 200 mm high and 80 mm wide, the details of the experimental conditions were
explained in their published paper by Neto et al. [91, 104]. The last data were taken
from Torabmostaedi et al. [101], as given in Table 3.3 to produce ZrO2 at a pilot scale,
where the computational domain was 1,000 mm high and 150 mm wide, the operation
conditions were explained in the study of Torabmostaedi et al. [101]. As can be seen
from the descriptions of the 3 different systems, they all have different geometries with
different operation conditions, which is perfect for testing the model we developed
here.
Figure 3.15 represents the 2-D axisymmetric model domain employed in the present
simulation. Accordingly, the dimensions were set to test the operation data of Gröhn
et al. [87], Neto et al. [91], and Torabmostaedi et al. [101], separately for each
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simulation. Additionally, the ANSYS Design Modeler was employed to further
develop the computational geometry.
Ambient (pressure outlet)

Ambient (pressure inlet)
Pilot Flame (mass flow inlet)
Nozzle Walls (wall no-slip)

Dispersion Gas (mass flow inlet)
Injector (surface injection)

Shield Gas (mass flow inlet)
a

Axis

b
c

Figure 3.15 (a) Computational domain from published papers [87, 91, 101]. (b) Inset
side-view of the burner. (c) Inset side-view of the nozzle and the capillary tube
An initial mesh was created for each of the modeled cases and depicted in Figure 3.16.
A structured quadrilateral mesh was adopted in the current computation to keep the
mesh at a high quality during the mesh refinement. The grid around the capillary tube
and the atomizer was progressively refined. In order to make sure that the Fluent
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simulation results did not depend on the mesh size, a mesh dependency test was
performed. An optimum mesh size was selected based on the results of the mesh
dependency test, and then transferred to the Fluent program.

a

b

Figure 3.16 (a) Initial mesh of computational domain from published papers [87, 91,
101]. (b) Inset: refined mesh of atomizer
The initial mesh was composed of 80,361 nodes, and was refined based on the domain
size and shown in Table 3.4 for the domain in Gröhn et al.’s work [87].
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Table 3.4 Quality parameters of different mesh sizes for each computational domain
from the literature [87, 91, 101]
Quality parameters
Orthogonal quality

Initial mesh
0.7291

Second mesh
0.71081

Third mesh
0.6081

Fourth mesh
0.6081

0.7292

0.71082

0.6082

0.6082

0.7003

0.71053

0.6003

0.6003

0.5111

0.5221

0.5011

0.5021

0.5032

0.5122

0.5042

0.5032

0.6123

0.6133

0.5513

0.5213

80,3611

133,2891

275,2121

400,0301

52,3012

87,2892

180,4692

245,0302

158,3613

254,2893

508,7963

711,0303

should be >0.1

Skewness should
be <0.8

Grid size, nodes

1

Gröhn et al. [87], 2Neto et al. [91], and 3Torabmostaedi et al. [101]

In the mesh dependency test, 2 measured parameters were chosen to test in the
centerline of the domain:
-

A scalar quantity, taking into account the flame height (Figure 3.17). The flame
height is estimated as an axial position where the temperature decreased to
below 1323 K. where the visible color of the flame begins to disappear, as was
experimentally observed by Noriler et al. [90].

-

The magnitude of the gas velocity comprised of 2 vectors: an axial velocity
(Figure 3.18) and a radial velocity (Figure 3.19).

It can be seen in Figure 3.17 that the flame height stabilized at a height of 94 mm,
starting from grid size No. 3 to grid size No. 4. As for the axial and radial velocities
shown in Figures 3.18 and 3.19, it appeared that the behavior of the gas velocity profile
became identical with grid size No. 3 and grid size No. 4. Therefore, it was concluded
that the above variables became independent of the mesh size, starting from grid size
No. 3, and it was necessary that grid size No. 3 matched the mesh quality standards
(minimum orthogonal quality of >0.1 and maximum skewness of <0.8).
The outcomes of the tests indicated that the solution became mesh-independent with
mesh size No. 3 with 275,212 nodes, with an orthogonal quality or quality of 0.608
and skewness of 0.5.
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In the same way, the same test was performed on the measured values of Neto et al.
[91] and Torabmostaedi et al. [101], as given in the above table, and it was found that
the solution became mesh-independent, with mesh of 180,469 nodes and 508,796
nodes respectively, and both of the meshes had good orthogonal quality of more than
0.6 and skewness of less than 0.5.
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Figure 3.17 Centerline flame height grid dependence

Grid size No 1

Grid size No 2

Grid size No 3

Grid size No 4

120
100
80
60
40
20
0
0

5

10

15

20

25

Height Above Burner (cm)
Figure 3.18 Centerline gas axial velocity grid dependence
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Figure 3.19 Gas radial velocity grid dependence
3.2.2 Fluent Numerical Scheme
The accurate settings of the required gap size, X, was calculated using the equation
provided in reference [96] to maintain the flow below or equal to the critical condition
(sonic) at the nozzle throat. Experimental data used from Gröhn et al. [87] the gap size
and DPM settings were given in Table 3.2, and for the experimental data taken from
Neto et al. [91], and Torabmostaedi et al. [101], are shown in Table 3.5.

Table 3.5 DPM settings for experimental data used from Neto et al. [91], and
Torabmostaedi et al. [101]
Dispersion gas
Gap size
Spray droplet ID (µm)
flowrate
X (mm)
Zr: 0 M
Zr: 0.5 M
Zr: 1.0 M
(L/min)
051
0.08
16.7
19.5
20.5
2
11
0.08
24.0
2
64
0.48
14.0
1
Neto et al. [91], and 2Torabmostaedi et al. [101]

3.2.3 Modified Model Validation
In order to validate the model, our prediction will be discussed and compared with the
experimental and predicted data of Gröhn et al. [87] and Neto et al. [91]. As the work
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of Torabmostaedi et al. [101] was a computational study using a pre-validated model,
our model prediction herein will be discussed and compared to the predictions of
Torabmostaedi et al. [101].
3.2.3.1 Flame Temperature Profile
Gröhn et al. [87] described the experimental approach and instrumentation (FTIR)
utilized in measuring the gas temperature. In their experiment, the line-of-sight
average temperatures for beams with a diameter of 10 mm going through the flame at
different HAB’s were measured. These data were used to compare the predicted
temperature with that of the simulation model.
Comparison of the gas temperatures measured by FTIR (with error bars of the repeated
measurements (symbols) [87]), and the predicted gas temperature profiles in the
centerline of the flame by this work for 4 mL/min of pure ethanol solvent atomized
with 5 L/min dispersion O2 (black line) and 7 L/min dispersion O2 (Red line) under 0.8
bar pressure drop are shown in Figure 3.20.

T, prediction at 5 L/min O₂, this work
T, measurement, 5 L/min O₂
T, prediction at 7 L/min O₂, this work
T, measurement, 7 L/min O₂

Gas Temperature, T, (K)

4,000
3,000
2,000
1,000
0
0

2

4
6
Height Above Burner (cm)

8

10

Figure 3.20 Comparison of the measured and Fluent model predicted gas
temperature profiles using the (SST) k-ω turbulence model. Error bars indicate the
errors in the experiments [87]
The first experimental data used from Gröhn et al. [87] and the current modeling
results are shown in Figure 3.20. The flame temperature behavior was divided into 3
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regions similar the that given in Figure 3.4. Both the model and the experimental
temperature profile at the second region (B) showed a rapid rise, and after a maximum,
they gradually dropped to less than 1,000 K within 10 to 11 cm above the burner
surface third region (C). Both the model and the experimental results followed the
same profile after a HAB of 20 mm. The flame height became higher at the axial
position where the temperature dropped to 1323 K [90] by using the (SST) k-ω
turbulence model instead of realizable k-ε, where the flame height increased from 5.5
to 6.8 cm in case of dispersion flowrate from 5 L/min, and increased from 7 to 8.8 cm
in case of dispersion flowrate from 7 L/min, as shown in Figures 3.4 and Figure 3.20.
The prediction of the experimental temperature profile by the current model was
considered successful with an error of 3% by using the (SST) k-ω turbulence model.
The error was the average difference between the measured and predicted
experimental temperature after a HAB of 20 mm for the case of 5 and 7 L/min,
considering the simplifications used in the modeling the process. The same figure for
the region above 20 mm HAB shows that the developed model predicted the
experimental data within the error bars.
By comparison, the results from Figures 3.4 and 3.20, the effect of using both
turbulence models on temperature can be summarized. In the area close to the burner
surface and the walls (Zone A to B as shown in Figure 3.4), the results show that the
realizable k-ε model had higher efficiency in near field from the burner surface, while
in the area extending from (B to C), the realizable k-ε turbulence model's had less
efficiency compared to the (SST) k-ω turbulence model. The above observation is in
line with the observation by Shaheed [105], which revealed the weakness of the
performance of the realizable k-ε model compared to the model standard k-ε in the farfield away from the walls.
In FSP modeling the prediction accuracy is required in both regions near and far-field
from the burner surface, the (SST) k-ω turbulence model is considered more suitable
to represent the turbulent model. Because The (SST) k-ω turbulence model work as a
combination of the standard k-ε model (advantages by high accuracy in the far-field
away from the walls) and standard k- ω model (advantages by high accuracy in the
near-field), as explained in Section 2.2.3.
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A comparison between the experimental (symbols) [91] and predicted (lines)
centerline temperatures for 5 L/min of pure ethanol and O2 dispersion gas flowrate of
5 L/min., was performed to check the validity of the model, and is shown in
Figure 3.21. Since there were no experimental data under an HAB of 60 mm, it was
not possible to compare the temperature predictions under this height. However, the
model predicted the temperature profile in the cooling region very well with an error
of 3 %, and it was identical to the predicted temperature reported by Neto et al. [91].
The predicted flame temperature maximum was about 3,300 K, and the height of the
peak temperature was at an HAB of 30 mm, which was 10 mm higher when compared
to the first data set taken from Gröhn et al. [87] under the same O2 gas flowrate.
Although the different process configurations for the data made a difference in the
profile, the increased liquid flowrate most certainly had an effect on the flame height
due to the higher amount of liquid injection, resulting in more solvent vapor
combustion, increased heat of combustion, and the expansion of the gases, as well as
shifting of the maximum temperature location downstream.
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Figure 3.21 Comparison between the experimental [91] and predicted centerline
temperatures
Experimental temperature profiles of Gröhn et al. [87] and Neto et al. [91] were
predicted successfully with the same model used herein, which was an indication of
the validity of the model. Also checked were the simulation results of Torabmostaedi
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et al. [101] in a pilot scale, and were compared with our model predictions with 0.5
M, 27.1 mL/min of zirconium n-propoxide, and O2 dispersion gas flowrate of 11 and
64 L/min, as shown in Figure 3.22. The model matched the maximum peak
temperature predicted by Torabmostaedi et al. [101], but the location of the maximum
temperature predicted by our model shifted about 35 mm downstream at a lower O2
flowrate.
The above results have illustrated two things:
1. (SST) k-ω turbulence model predicted the lab scale experimental results well.
2. (SST) k-ω turbulence model predicted the pilot-scale experimental results well at
the high oxygen flowrate (64 L/min), but it overpredicted them in the region less
than 20 cm HAB at the low oxygen flowrate (11 L/min).
The differences in the predictions in the HAB region less than 20 cm at the low oxygen
flowrate (11 L/min) could be ascribed to the different approach used for the heat and
mass transfer coupling by Torabmostaedi et. al. [101] and that herein. In the current,
approach explained in Section 2.2.4, the Nusselt number in Equations (2.12) and (2.13)
was calculated using the correlation of Ranz and Marshall [54]. In the study of Faeth
et al [102], the Ranz and Marshall measurements were overpredicted, particularly at
low droplet Reynolds numbers (Re < 10). The droplet Reynold numbers were
calculated as 12 for the case of 64 L/min and 6 for the case of 11 L/min. The low
Reynold number in the case of 11 L/min may have caused the overprediction in the
proposed model during the calculation of the heat and mass transfer for the droplets.
While Torabmostaedi et al. [101] applied a user-defined function based on a model
given by Sergei et al [55] to calculate the heat and mass transfer, this user-defined
function allowed the use of different Nusselt number correlations at Re < 10.
The lower flame height at the higher O2 flowrate (Figure 3.22) was predicted
successfully for both models. Figure 3.22 shows that the flame height decreased from
24 to 12 cm for O2 flows of 11 to 64 L/min, respectively. In comparison, the computed
flame height of Torabmostaedi et al. [101] showed that the flame height decreased
from 25 to 11 cm for O2 flows of 11 to 64 L/min, respectively.
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Figure 3.22 Comparison between the centerline temperature predicted in the
literature [101] and predicted in this work
Gas velocity prediction is affected directly by the turbulence model, as a result of the
effect of the turbulence fluctuations in the last right-hand term in Equation (2.4).
The model that was improved with the (SST) k-ω turbulence model showed that the
current model was able to predict the axial gas velocity of the behavior of the burning
ethanol spray for the data that was given in the study of Gröhn et al. [87], as can be
seen in Figure 3.23. For HABs that were <25 mm, that is, the near-field away from the
nozzle wall, the spray behavior was observed to be the same as that observed
previously when using the realizable k-ε model, as can be seen in Figure 3.5.
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Figure 3.23 Predicted contour of the gas velocity herein (left) with a closer view of
the external-mixing air-assisted atomizer exit (right) for 4 mL/min of ethanol and 5
L/min of O2
The higher efficiency of the (SST) k-ω turbulence model in both near-field and farfield from the nozzle was investigated during modeling the data of Torabmostaedi et
al. [101]. The predicted centerline gas velocity by Torabmostaedi et al. [101] was
compared with the centerline velocities predicted in this work (solid lines) for 0.5 M,
27.1 mL/min of zirconium n-propoxide, and O2 dispersion gas flowrates of 11 and 64
L/min, and are shown in Figure 3.24. The location and the magnitude of the maximum
velocity were similar in both models. Torabmostaedi et. al. [101] overpredicted the
velocities downstream up to HAB of 60 cm. After this height, the prediction of both
models converged. Figure 3.24 demonstrates that the magnitude of the gas velocity
started from zero in all of the cases up to maximum values of 60 and 150 m/s, when
the O2 flowrate increased from 11 to 64 L/min, respectively. In comparison, the
computed flame gas velocities of Torabmostaedi et al. [101] were found as 53 and 150
m/s for O2 flows of 11 and 64 L/min, respectively. It was believed that the small
differences in maximum velocity at low oxygen flowrate were the result of the gas
temperature overprediction by our model, as explained above. The results above in
near and far fields from the nozzle exit showed that the (SST) k-ω turbulence model
was more efficient than the realizable k-ε model.
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Figure 3.24 Comparison of the centerline gas velocity predictions in literature [101]
and those in this work
3.2.3.2 Spray Droplet Evaporation
The current modeling results shown in Figures 3.25 and 3.26 depicted a hollow cone
behavior in the radial direction at higher HABs for the liquid spray concentration and
droplet diameters for data given by Gröhn et al. [87]. The droplet concentration
predicted at each HAB and normalized to unity. Droplet evaporation completely
finished at the edges, at a HAB of around 35 mm, which was similar to the
experimental data (35 mm). The inner edge of the cone disappeared at a shorter
distance. Figure 3.25 shows that the large droplets were mostly distributed on the outer
edge of the spray and the small droplets were located in the center. This behavior was
supported by the work of Mao et al. [103] for hollow cones. Comparison of the droplet
diameters measured as mixing-cup sauter mean diameter (SMD) (with error bars of
the repeated measurements (symbols) [87]), and the predicted droplet diameters
profiles of the 4-mL/min ethanol and 5 L/min dispersion O2 at HABs of 0 to 35 (mm)
are shown in Figure 3.27 As can be seen in the figure, the measured value across the
whole spray decreased from 13.0 to 5.4 microns at a HAB between 5 and 35 mm,
showing evaporation of the spray droplets. The corresponding SMD predicted by the
simulations was from 13.0 to 5 microns, which was in agreement with the experimental
data.
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In summary, a comparison of the measured and simulated spray flame characteristics
in the absence of the particles indicated that the employed simplified simulation model
herein was capable of predicting temperature, velocity, and species concentration
fields that were adequate for use as a basis for the particle dynamics model which is
applied by using MATLAB in the next step.

35 mm

Figure 3.25 Predicted contour droplet diameter for 4 mL/min of ethanol, and an O2
dispersion gas flowrate of 5 L/min under the operating conditions given by Gröhn et
al [87]
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Figure 3.26 Droplet concentration predicted in this work with 4 mL/min of pure
ethanol and O2 dispersion gas flowrate of 5 L/min at different HABs for the
operation conditions given by Gröhn et al. [87]
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Figure 3.27 Comparison of the droplet diameters (predicted (line)) and measured
(symbols [87])
3.2.3.3 Nanoparticle Size
Zirconium n-propoxide (ZP) vapor formation zone was divided into 3 regions, which
were divided by axial vertical lines (VLs), as shown in Figure 3.28. This zone started
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from a HAB of zero up to the end of the domain (300 mm) in the y direction. The
maximum width (MW) of this zone was in a radial direction. The MW size was defined
as the radial distance where the ZP vapor mass fraction reached one part per million
(ppm). Fluent predictions were extracted along with each VL, and they were averaged
around the diameter of this zone (MW), as shown in Figure 3.28. The average fluent
results were then passed into MATLAB as initial values to predict the average primary
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Zirconium n-propoxide
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Figure 3.28 Zirconium n-propoxide mass fraction contour plot at 0.5 M precursor
concentration, 4 mL/min of zirconium n-propoxide, with O2 dispersion gas flowrate
of 3 L/min
In Figure 3.28, the value of the MW was 6.8 mm at an O2 dispersion gas flowrate of 3
L/min, where the zirconium n-propoxide vapor mass fraction equaled 1 ppm. Figure
3.29 demonstrates the radial distance, where the zirconium n-propoxide vapor mass
fraction reached 1 ppm to represent the MW values of 6.8, 6, and 5.14 mm at O2
dispersion gas flowrates of 3, 5, and 7 L/min for 0.5 M of zirconium n-propoxide
precursor, respectively. The MW values decreased with the increasing oxygen
dispersion flowrate, because the mixing between the oxygen dispersion gas and fuel
increased with the amount of oxygen dispersion flowrate. More mixing between the
fuel and oxygen accelerated convert the zirconium n-propoxide into ZrO2.
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Figure 3.29 Radial mass fraction distribution of zirconium n-propoxide at a HAB
where the width of the particle formation zone for three O2 flowrates is maximum
In Figure 3.30, the predicted average gas temperature T (left y-axis) and average gas
velocity V (right y-axis) in the current study at 0.5 M, 4 mL/min of zirconium
n-propoxide, and O2 dispersion gas flowrate of 3, 5, and 7 L/min are shown. The initial
ZrO2 concentration was taken from Figure 3.31 as the peak value of the ZrO2
concentration for each O2 flowrate. Also, the location of the peak value of the ZrO2
concentration was taken from the x-axis of Figure 3.31 and considered as the initial
position of solid formation this value is required to MATLAB code setting.
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Figure 3.30 Predicted average gas temperature T (left y-axis) and average gas
velocity V (right y-axis) in the current study at 0.5 M, 4 mL/min of zirconium
n-propoxide, and O2 dispersion gas flowrate of 3, 5, and 7 L/min
CZrO₂ , at 3 L/min O₂, this work
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Figure 3.31 Predicted average molar concentration of ZrO2 (CZrO2) in the current
study at 0.5 M, 4 mL/min of zirconium n-propoxide, and O2 dispersion gas flowrate
of 3, 5, and 7 L/min
Using these profiles and the initial position and initial concentration of ZrO2 (CZrO2),
the computed average primary particle diameter profiles by MATLAB for 4 mL/min,
0.5 M Zr precursor flow with 3, 5, and 7 L/min of O2 dispersion, using the modeling
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approach explained in Section 2.2.8, by employing the three ZrO2 diffusion
coefficients in Equation (2.33) with MATLAB code, were examined, and compared to
the experimentally found nanoparticle diameter (BET-diameter) [87], and are shown
in Figure 3.32. This figure illustrates the comparison that showed that the best
agreement was achieved using the grain diffusion coefficient provided by Madeyski et
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Figure 3.32 Primary particle diameter predictions and comparisons with
experimental data dBET [87] for 0.5 M and 4 mL/min of zirconium n-propoxide
The computed primary particle diameter profiles by using MATLAB, using the
diffusion coefficient of Madeyski et al. [73] for 0.5 M, 4 mL/min of zirconium
n-propoxide, and an O2 dispersion gas flowrate of 3 (blue line), 5 (orange line), and 7
(gray line) L/min, were compared with the experimental measurement [87]. Symbols
show the experimental primary particle diameter under the same conditions, with an
O2 dispersion gas flowrate of 3 (triangle), 5 (square), and 7 (circle) L/min, and shown
in Figure 3.33. In all of the cases, it can be seen that after an initial rapid rise caused
by fast coalescence, the primary particles stopped growing and they reached a plateau
above a certain HAB depending on the O2 flowrate. At this certain HAB, the 2nd term
on the right in Equation (2.25) approached 0, and then the change in the surface area
and the change in the volume in Equation (2.26) became equal, which led to a constant
particle diameter, as can be deduced from Equation (2.27). The 2nd term on the right
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in Equation (2.25) decreased by increasing the value of sintering time, and decreasing
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Figure 3.33 Predicted primary particle diameter (dp). Also shown are the
BET-equivalent diameters [87] for 0.5 M and 4 mL/min of zirconium n-propoxide
The predicted sintering time (tsint), using the diffusion coefficient of Madeyski et al.
[73], tsint (left y-axis) and the predicted residence time, tresd (right y-axis) for 0.5 M, 4
mL/min of zirconium n-propoxide, and an O2 dispersion gas flowrate of 3 (blue line),
5 (orange line), and 7 (gray line) L/min, are shown in Figure 3.34. As seen in this
figure, in the particular case of a low oxygen flowrate of 3 L/min O2 at 0.5 M, the
residence and sintering time became the same at 11 cm HAB. At this location, the
primary particle growth started to slow down until it reached constant values, where
the sintering time became much higher when compared to the residence time after 11
cm. In this case, at 16 cm, the residence time was 12 ms, as shown in Figure 3.35,
while at the same position the sintering time was 6,000 ms. In the case of 3 L/min O2
at 0.5 M, the primary particle size started to grow at an initial position of 4 cm (the
location of the peak value of the ZrO2 concentration, as given in Figure 3.31) and
continued to grow until it reached a final value at 16 cm above the burner, as shown in
Figure 3.33. The primary particle size decreased as the O2 dispersion gas flowrate
increased. Increasing the dispersion gas flowrate from 3 to 7 L/min decreased the
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particle size from 15 to 9 nm, as shown in Figure 3.33. The maximum difference
between the predicted and experimental particle size was 9%.
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Figure 3.34 Predicted sintering time, tsint (left y-axis), and the predicted residence
time, tresd (right y-axis) for 0.5 M, and 4 mL/min of zirconium
n-propoxide

28

Figure 3.35 Predicted sintering time, tsint (left y-axis), and the predicted residence
time, tresd (right y-axis) for 0.5 M, and 4 mL/min of zirconium
n-propoxide in a higher scale
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At a higher initial concentration (1.0 M), the average Fluent simulation results for the
gas temperature and velocity profiles are shown in Figure 3.36. The initial ZrO2
concentration can be retrieved from Figure 3.37. Using these profiles and the initial
ZrO2 concentration, the computed average primary particle diameter profiles by
MATLAB were processed with respect to the experimental BET-diameter [87] at 3
ZrO2 diffusion coefficients. Figure 3.38 shows again that the diffusion coefficient of
Madeyski et al. [73] was chosen to predict the primary practical diameter when
producing ZrO2.
The observed trend when doubling the concentration from 0.5 M (Figure 3.30) to 1.0
M (Figure 3.36), at the same oxygen dispersion flowrate, showed that the predicted
temperatures for both concentrations increased slightly, and this trend was in line with
that reported by Gröhn et al. [87]. This was due to the slight increase in the boiling
point for the precursor mixture from 380 to 400 K. The boiling point for the pure
components in the precursor mixture was 350, 370, and 480 K, for pure ethanol,
propanol, and ZP [101], respectively. Moreover, the initial droplet size was increased
when doubling the concentration, as given in Table 3.2. Accordingly, the precursor
droplets with a higher concentration took a longer time to evaporate, thus increasing
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Figure 3.36 Predicted average gas temperature T (left y-axis) and average gas
velocity V (right y-axis) in the current study at 1.0 M precursor concentration, 4
mL/min of zirconium n-propoxide, and O2 dispersion gas flowrate of 3, 5, and 7
L/min
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As a result of the higher concentration (1.0 M), the initial ZrO2 concentration increased
twice, as seen in Figure 3.37. The trend was observed when doubling the concentration
from 0.5 M (Figure 3.31) to 1.0 M (Figure 3.37). Briefly, the peak value of the ZrO2
concentration was increased for each O2 flowrate because of the mass fraction of the
components changed with the precursor concentration. As the concentration increased,
the mass fraction of the ZP in the precursor mixture increased from 0.2 to 0.38, as
shown in Table 3.1. Accordingly, the higher concentration (1.0 M) resulted in the
higher value of the ZrO2 concentration.
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Figure 3.37 Predicted average molar concentration of ZrO2 (CZrO2) in the current
study with 1.0 M precursor concentration, 4 mL/min of zirconium n-propoxide, and
O2 dispersion gas flowrate of 3, 5, and 7 L/min
The effect of increasing the concentration was insignificant on the gas velocity and gas
temperature, as seen in Figures 3.30 and 3.36. Consequently, an insignificant change
in the residence and sintering times was observed, as depicted cooperatively in Figures
3.34 and 3.38.
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Figure 3.38 Predicted sintering time, tsint (left y-axis), and the predicted residence
time, tresd (right y-axis) for 1.0 M precursor concentration, and 4 mL/min of
zirconium n-propoxide
A comparison similar to the comparison conducted in Section 3.1 was done here
between predicted and experimental data of the primary particle diameter [87]. The
predictions using three different model of diffusion coefficient have shown that the
best agreement between the predicted and experimental results was obtained by
Madeyski et al. [73], as shown in Figure 3.39. As a result, for all of the next simulations
of ZrO2, diffusion model by Madeyski et al. is applied.
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Figure 3.39 Primary particle diameter predictions and comparisons with
experimental data dBET [87] for 1.0 M precursor concentration, and 4 mL/min of
zirconium n-propoxide
As a result of increasing concentration from 0.5 M to 1M at the same oxygen
dispersion flowrate, the initial gas concentration of ZrO2 increased twice, as seen in
Figures 3.37 and 3.31. On the other hand, this increase had less effect on the gas
temperature and velocity profile, as can be seen in Figures 3.30 and 3.36. This
insignificant change in the gas temperature and velocity profile was observed as a
neglected change in the sintering and residence times, as can be seen in Figures 3.34
and 3.38. As a result of these effects, when using the same O2 dispersion gas flowrates,
the primary particle diameter was observed to increase as the molarity increased, as is
shown in Figures 3.33 and 3.40. The primary particle diameter growth was dominated
by the coagulation process rather than the sintering process, because of the initial
concentration of the monomer became higher when the concentration of the precursor
increased.
The increase in coagulation rate caused the primary particle diameter to increase under
the same O2 dispersion gas flowrates as the molarity increased, as seen in Figure 3.40.
Increasing the O2 dispersion gas flowrate from 3 to 7 L/min decreased the particle size
from 18 to 10 nm. The maximum difference between the experimental and predicted
particle diameters was 5%. The model predicted the particle diameters with reasonable
accuracy for precursor concentrations of 0.5 and 1.0 M.
83

Primary Particle Diameter (nm)

20

dp , at 3 L/min O₂, this work
dp , at 5 L/min O₂, this work

dBET, at 3 L/min O₂
dBET, at 5 L/min O₂

dp , at 7 L/min O₂, this work

dBET, at 7 L/min O₂

15
10
5

0
0

5

10
15
20
Height Above Burner (cm)

25

30

Figure 3.40 Predicted primary particle diameter (dp). Also shown are the
BET-equivalent diameters [87] for 1.0 M precursor concentration, and 4 mL/min of
zirconium n-propoxide
In order to predict the primary particle size for the conditions of Neto et al. [91], the
average temperature and velocity profiles for 0.5 and 1.0 M of Zr precursor solution
were predicted and shown in Figure 3.41. The primary particle size predicted by
MATLAB increased as the ZrO2 concentration in the precursor solution increased, as
shown in Figure 3.42. Increasing the concentration from 0.5 to 1.0 M increased the
particle size from 12 to 14 nm, as shown in Figure 3.43. The increase in the primary
particle diameter was dominated by the coagulation rate because the initial gas
concentration of ZrO2 was increased by 1.7 times, as shown in Figure 3.42. However,
the effect of the increase in the precursor concentration on the gas velocity and
temperature was insignificant, as in Figure 3.41, which lead to the domination of the
coagulation rather than the sintering.
The maximum difference between the experimentally measured diameter and the
prediction was 5% and 6% for concentrations of 0.5 to 1.0 M, respectively.
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Figure 3.41 Predicted average gas temperature T (left y-axis) and average gas
velocity V (right y-axis) in the current study with 0.5 and 1.0 M precursor
concentration, and 5 mL/min of zirconium n-propoxide solution dispersed with 5
L/min of O2
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Figure 3.42 Predicted average molar concentration of ZrO2 (CZrO2) in the current
study with 0.5 and 1.0 M precursor concentration, and 5 mL/min of zirconium npropoxide solution dispersed with 5 L/min of O2
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Figure 3.43 Predicted primary particle diameter (dp). Also shown are the
BET-equivalent diameters [91] for 5 L/min of O2
Finally, the modeling results were compared with the modeling results of
Torabmostaedi et al. [101] and are shown in Figure 3.44. The predicted temperature
and velocity profile for the current study are shown in Figures 3.22 and 3.24. The same
trend in the particle size predictions both by that herein and Torabmostaedi can be
observed here with an increased dispersion O2 gas flowrate for a pilot scale production
of 100 g/h. The particle size increased from 12 to 31 nm as the O2 flowrate dropped
from 64 to 11 L/min. The difference between the 2 predictions was small (4%).
The main similarities and differences between the applied model herein and the applied
model by Torabmostaedi et al. [101] are as follows; The (SST) k-ω turbulence model
was used in both the applied models and in different methods to calculate the droplet
heat and mass transfer. The simple model (default Fluent setting) was applied in the
model herein to calculate heat and mass transfer, while a user-defined function with
Fluent was used in the applied model by Torabmostaedi et al. [101]. This user-defined
function allowed the use of different Nusselt number correlations to calculate the heat
and mass transfer.

86

Primary Particle Diameter (nm)

dp , at 11 L/min O₂, this work

dp , at 11 L/min O₂, in the literature

dp , at 64 L/min O₂, this work

dp , at 64 L/min O₂, in the literature

35
30
25
20
15
10
5
0
0

10

20

30
40
50
60
70
Height Above Burner (cm)

80

90

100

Figure 3.44 Comparison of the predicted primary particle diameter in the current
study with the predicted primary particle diameters by Torabmostaedi et al. [101]
3.2.4 Summary of the Findings
Particle growth in the FSP process can be predicted with a reasonable accuracy using
the SIMPLEC algorithm solver of Fluent with a reduced mechanism for the
combustion by means of the (ED) model. The CFD model applied in this study
predicted the experimental data for 3 different configuration and production scale
successfully. Solid formation was predicted using the temperature and velocity profiles
of the gas phase as the initial value for the MATLAB code. The major drawback in the
realizable k-ε model is that it is less efficient in predicting the far-field from the wall
of nozzle exit, while the (SST) k-ω turbulence model is considered as a combination
between the standard k-ε model and the standard k-ω. The standard k-ε model is robust
and accurate at far-fields away from walls, while the standard k-ω model is accurate
near the wall. Finally, it can be concluded that the CFD model in this study, using the
(SST) k-ω turbulence model instead of the realizable k-ε model, agreed well with the
experimental results of the different configurations in both fields (near and far-field
from the wall of the nozzle exit).
The results showed the improvement of the prediction accuracy of the model. The
maximum error was reduced from 7% to 5% for the temperature, and from 20% to 9
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% for the primary particle diameter, when compared to the model that was applied in
Section 3.1.
3.3 Computational Cost Reduction
ANSYS Fluent code is one of the important tools in CFD simulation. In order to ensure
the accuracy of the ANSYS Fluent results, it is necessary to consider all of the
processes involved in FSP, such as the mass and heat transfer, turbulence, atomization,
and detailed chemical reactions. Through the consideration of all of these processes,
accuracy becomes enhanced; however, the computational cost increases. The
reduction of computational costs has been an important concern in the design and
industrial applications of FSP. In this thesis thus far, simulation was performed using
the coupled pressure-velocity and SIMPLEC algorithms in order to predict the
multicomponent droplet evaporation, temperature, velocity, and gas density, and then
their results were supplied to MATLAB code to predict the particle growth in the FSP
process. The experimental data in the literature [87, 91] were used to validate the
model, focusing on reducing the computational time by using different modeling
approaches for the turbulence so far.
Prior CFD work done in FSP processes in literature used an axisymmetric geometry,
and a 2-D model to reduce the complexity and computational time. However, even
with the 2-D axisymmetric approach, the computational time remains high, as each
simulation with Fluent in the previous section took 51 h to reach convergence. Our
research has tended to focus on accuracy rather than reducing the computational time
at the beginning, however, the reduction in computational time is also essential for
industrial or design applications.
A possible solution to the high computational cost problem at hand is to speed-up the
convergence. This section, in parallel with the construction of a new FSP device,
comprises an investigation on the influence of the numerical modeling approach on
the accuracy with a lower computational time. Simulation results by Fluent were
compared in terms of accuracy of the solution, and speed of the convergence for the
pressure-velocity coupling segregated and fully implicit algorithms for the steady-state
solvers.
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There are 2 main types of solvers for solving discretized algebraic equations: the
pressure-velocity coupling coupled solver (COUPLED algorithm) and pressurevelocity coupling segregated solver (SIMPLE algorithm, SIMPLEC algorithm, and
PISO algorithm). Fluent user guide [56] indicates that the PISO algorithm offers
significant advantages for transient problems, whereas the SIMPLE or SIMPLEC
algorithms are likely to be preferable for steady-state problems. The SIMPLEC
algorithm is substantially more computationally economical than the SIMPLE
algorithm [65, 106]. In this section, the SIMPLEC algorithm was selected as a
segregated solver and the COUPLED algorithm was selected as a coupled solver.
Computation time for the studies done in Section 3.2 is compared with the computation
time found in this section.
First, Neto et al.’s [91] configuration is studied because the computational domain was
small in terms of the length and width (200 and 80 mm). Then, Gröhn et al.’s [87]
configuration with a larger domain size (300 and 100 mm) was used.
The main strategy considered in this section to reduce the computational time is to use
a fully implicit (COUPLED) algorithm as a pressure-based solver and with the
segregated (SIMPLEC) algorithm. These 2 algorithms were discussed in more detail
with a flow chart diagram in Figure 2.4.
Here, it is worth mentioning that the Fluent operation process was run by taking into
consideration a reduced reaction mechanism using the (ED) model, until the solution
reached the convergence. The converged solution was achieved when all of the
residuals decreased at least 3 orders of magnitude. Moreover, variables like the
centerline velocity profile and centerline temperature profile remained constant.
In order to assess the performance of both the fully coupled and segregated solvers,
the efficiency of the numerical method for each solver had to be determined. The
efficiency of the numerical method can be considered high when the highest robustness
and lowest computational time are reached. Figure 3.45 shows the highest robustness
in all of the residues for the COUPLED algorithm, where the residuals were stable
without oscillations behavior. Figure 3.45 shows that this algorithm took 1,378
iterations to reach the convergence criterion (which is when the residual reached a
value less than 10–4).
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Figure 3.45 Continuity, momentum, and energy residue reduction in the current
study for 5 mL/min of pure ethanol and O2 dispersion gas flowrate of 5 L/min with
Fluent using the COUPLED algorithm as a solver
Figure 3.46 shows that the centerline velocity and centerline temperature profiles
remained constant at the same number of iterations (NoI).
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Figure 3.46 Predicted centerline gas velocity (a) and gas temperature (b) in the
current study for 5 mL/min of pure ethanol and O2 dispersion gas flowrate of 5 L/min
with Fluent using the COUPLED algorithm as a solver
As shown in Figure 3.47, the oscillation behavior can be clearly observed with the
SIMPLEC algorithm.

Figure 3.47 Continuity, momentum, and energy residue reduction in the current
study for 5 mL/min of pure ethanol and O2 dispersion gas flowrate of 5 L/min with
Fluent using the SIMPLEC algorithm as a solver
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Figure 3.48 Predicted centerline gas velocity (a) and gas temperature (b) in the
current study for 5 mL/min of pure ethanol and O2 dispersion gas flowrate of 5 L/min
with Fluent using the SIMPLEC algorithm as a solver
As seen in Figures 3.47 and 3.48, this algorithm took 34,514 iterations to reach the
convergence criterion.
As expected, reaching the convergence criterion with the COUPLED algorithm was
faster than with the SIMPLEC algorithm, because the governing equation (momentum
equations and the pressure-based continuity equation) were solved simultaneously
with the COUPLED algorithm. The computational time and the number of iterations
required to reach the convergence for each stage was calculated based on the average
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consumed time per iteration (ACTPI). The ACTPI in both solvers were close in value,
which were 5.952 and 5.342 s with the COUPLED algorithm and the SIMPLEC
algorithm, respectively. As seen in Figure 3.45, the number of iterations required to
attain the convergence was less (1378) with the COUPLED algorithm. This resulted
in a computational time of 2.278 h. Figures 3.47 and 3.48 show that the number of
iterations required to attain convergence was 34,514 with the SIMPLEC algorithm,
which resulted in a computational time of 51.214 h. Comparing the SIMPLEC
algorithm to the COUPLED algorithm as a solver, the COUPLED algorithm solver
showed a substantial decrease (96%) in the computational time. This finding was in
line with a similar study in a field other than FSP, where the mathematical model was
formed only using the continuity and momentum conservation equations. A detailed
comparison was given by Honoriao et al. [107] of the performance that was obtained
using different solvers. Comparison of the predicted gas temperatures by using the
COUPLED algorithm with measured temperatures (error bars of the experimental
measurements shown [87]), for 4 mL/min of pure ethanol solvent atomized with 5
L/min dispersion O2 (black line) and 7 L/min dispersion O2 (Red line) under 0.8 bar
pressure drop are shown in Figure 3.49. The figure show that both the model and the
experimental temperature profiles are similar after a HAB surface of 20 mm. It can be
seen that the difference between the predicted and the measured values were reduced
to 1%. Overestimation of the temperatures near the burner surface was observed both
in the SIMPLEC and the COUPLED algorithm. Overall, the prediction was successful,
considering the reduction in the computational time from 51.2 to 2.3 h. As shown in
the same Figure 3.49, it is seen that at higher oxygen dispersion flow (7 L/min) the
errors were reduced to 1% from 3%.
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Figure 3.49 Comparison of the measured and model predicted gas temperature
profiles using the COUPLED algorithm. Error bars indicate the errors in the
experiments [87]
Comparison of the measured centerline temperature (symbols) [91] and predicted
(solid lines) centerline gas temperature with 5 mL/min pure ethanol and O2 dispersion
gas flowrate of 5 L/min, when the COUPLED algorithm was used, is shown in
Figure 3.50 Again, the error in temperature prediction using the COUPLED algorithm
was reduced from 3% to 1.3% in the cooling region.
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Figure 3.50 Comparison of the measured centerline temperature (symbols) [91] and
predicted (solid lines) centerline gas temperature using the COUPLED algorithm
For the nanoparticle formation, the first experimental data used from Gröhn et al. [87]
and the modeling results herein using the COUPLED algorithm are shown in Figures
3.51 and 3.52, where it can be seen that using different algorithms, these maximum
absolute errors with respect to the experimental data were 8% for both molarity cases
at O2 flowrates of 3, 5, and 7 L/min. Moreover, comparison between experimentally
measured primary particle diameters (symbols) under the same conditions [91] and
predicted average primary particle diameter by this work (colored lines) using two
different pressure velocity coupling solver under the same conditions, are shown in
Figure 3.53. The figure here illustrates that increasing the ZrO2 concentration from 0.5
to 1.0 M increased the particle size from 11 to 12.5 nm. The absolute difference
between the experimentally measured diameter [91] and the prediction was 3% and
6% for 0.5 and 1.0 M of ZrO2, respectively. In addition, Figure 3.53 also shows that
the difference between the experimentally measured diameter and the prediction using
the SIMPLEC algorithm was 5% and 6% for 0.5 to 1.0 M of ZrO2, respectively. From
these results, it can be concluded that the model herein was able to predict the
experimental results [91] with a maximum error of not more than 6% using a different
solver.
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Figure 3.51 Comparison of the predicted average primary particle diameter in the
current study and the experimentally measured primary particle diameters [87] for
0.5 M, 4 mL/min of zirconium n-propoxide solution
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Figure 3.52 Comparison of the predicted average primary particle diameter in the
current study and the experimentally measured primary particle diameters [87] for
1.0 M precursor concentration, 4 mL/min of zirconium n-propoxide solution
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Figure 3.53 Comparison between experimentally measured primary particle
diameters [91] and predicted average primary particle diameter by this work using
different solvers
Based on the computational results obtained in this section, the predictions were close
to the experimental data using the COUPLED algorithm, and within a shorter
computational time was reduced from 51 h to 2.3 h.
3.4 Application of the Detailed Reaction Mechanism for Fuel Combustion
In this section, the approach and the results of using a detailed reaction mechanism for
the fuel combustion on the flame temperature and primary particle diameter at a
laboratory scale was studied and compared with the experimental data [91]. The Eddy
Dissipation Concept (EDC) model [108] was considered to calculate the turbulencechemistry interaction, and account for the description of the reversible multistep
reaction mechanisms that are known to be significant limitations [109] of the standard
Eddy Dissipation (ED) model. The (EDC) model is the most widely used method for
combustion, unfortunately, it is also very computationally expensive due to the kinetic
details which need to be taken into account [110-112].
The 4-step global mechanism proposed by Jones and Lindstedt [113] for methane, and
complete or partial combustion of ethanol was applied, as shown below [113].
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CH4 + 0.5O2

→ CO + 2H2

CH4 + H2O

→ CO + 3H2

H2 + 0.5O2

↔ H2O
↔ CO2 + H2

CO + H2O

C2H5OH + 3O → 2CO2 + 3H2O
3.4.1 Fluent Numerical Scheme
Here, Fluent operation process was divided into 2 stages. In the first stage, it was run
considering a reduced reaction mechanism using the (ED) model and fully implicit
(COUPLED) algorithm as a pressure-based solver. For the second stage, once the first
stage reached a converged solution, a change into the (EDC) model was enabled
without initialization, and the global mechanism of the combustion reaction
mechanism was considered. In the second stage, the values of net source of chemical
species, Rn, in Equation (2.5) were calculated based on the theory in Section 2.2.5.2.
In order to calculate Rn, for a non-reversible reaction, the molar rate of
creation/destruction of species was calculated using Equation (2.15) and for a
reversible reaction, it was calculated using Equation (2.16). Both previously described
stages followed the same converging criterion.
In settings of the (EDC) model, the chemistry was updated after each flow iteration,
and the kinetic integrations of fine-scales by an in situ adaptive tabulation algorithm
was enabled. Most of the integration parameters were kept the same as in the default,
except for the maximum storage, which was changed to 500 MB.
3.4.2 Results and Discussion
The effects of using a detailed reaction mechanism with the (EDC) model on the
computational time are discussed in this section. Afterward, the effects of kinetic
mechanisms on the average and centerline gas temperature along the axial direction,
as well as the primary particle diameter, were incorporated.
3.4.2.1 Effect of the EDC Model on Computational Time
In the first stage in Section 3.3, the (ED) model was used with a reduced mechanism
of the reaction tested with 2 different pressure velocity coupling solvers to satisfy the
convergence criterion.
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Because reducing computational time was the goal of this study, the use of the
SIMPLEC solver at the second stage was excluded due to its high computational cost.
In the second stage, the (EDC) model with four-step reaction mechanism was enabled.
It was also very computationally expensive because the kinetic details were taken into
account. At this stage, the ACTPI using the COUPLED algorithm increased from
5.952s to 180.024 s with the use of (EDC) model instead of the (ED) model. The Fluent
simulation case started from the number of iterations 1378, and with the (EDC) model,
convergence criteria was met at 2146 iterations, as shown in Figure 3.54. This led to
an increase in the total computational time for both stages using the COUPLED
algorithm to 38 h, which is still considerably less than the computational time for the
first stage (51.214 h) using the SIMPLEC algorithm with the (ED) model. Comparative
results between the pressure velocity algorithms have shown that the COUPLED
algorithm performs better in terms of the reduction in computational time compared to
the SIMPLEC algorithm.

Figure 3.54 Continuity, momentum, and energy residue reduction in the current
study for 5 mL/min of pure ethanol and O2 dispersion gas flowrate of 5 L/min with
Fluent using the COUPLED algorithm as a solver and the (EDC) model
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3.4.2.2 Gas Temperature
Figure 3.55 displays the comparison between measured gas temperature (symbols)
[91] and predicted centerline gas temperature by this work for 5 mL/min of pure
ethanol at 5 L/min dispersion O2, with Fluent using the COUPLED algorithm as solver
and (EDC) method (orange line) and with Fluent using the COUPLED algorithm as
solver and (ED) method (blue line). In Figure 3.55, there is a clear decreasing trend in
the peak temperature using the (EDC) model in the region above the nozzle and rapidly
decreasing temperature values for the outer regions of the flame due to the quenching
caused by the air entrainment.
From the numerical results, both in this study and the literature, the peak temperature
was approximately 4,000 K, by considering the single-step global mechanisms [91].
In comparison, the peak temperature was approximately 2,450 K by using the (EDC)
model with the kinetic reaction mechanism, as suggested by Jones and Lindstedt,
which considers the water gas-shift reaction [113]. The gas temperature was reduced
because the reverse reaction of the water gas-shift reaction is an endothermic reaction.
The numerical results using the (EDC) model, in Figure 3.55, showed good agreement
with the experimental data for the reaction mechanism proposed by Neto et al. [91],
with an average error of 9% at the lower regions of the reactor. These findings were in
line with those found in the literature [91].
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Figure 3.55 Comparison between the measured gas temperature [91] and the
predicted centerline gas temperature in this work

3.4.2.3 Primary Particle Diameter
Fluent predictions using the COUPLED algorithm with the (EDC) model were input
to the MATLAB code. Comparison between measured primary particle diameters
(symbols) [91] and average predicted primary particle diameters by this work for 5
mL/min of zirconium n-propoxide at 5 L/min dispersion O2 using the COUPLED
algorithm as solver and (EDC) method at 0.5 M precursor concentration (blue line)
and 1.0 M precursor concentration (red line), is shown in Figure 5.56. The comparison
showed that, doubling the precursor concentration increased the particle size from
10.8 nm to 12.6 nm. The difference between the experimentally measured diameter
and the prediction was 4 % and 5% when the concentration was increased from 0.5 M
to 1.0 M, respectively.
However, using the (EDC) model increased the computational time from 2.3 to about
38 h without significantly improve model accuracy, where the difference between the
experimentally measured diameter and the prediction decreased from 5% and 6% to
4% and 5% by using the (EDC) model instead of the (ED) model for both concentration
0.5 M to 1.0 M, respectively. These insignificant differences between the predictions
using different kinetic mechanisms can be attributed to the averaging of the predicted
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primary particles diameter in radial distribution. The use of average values of primary
particle diameter, however, might not represent the real shapes of the distributions,
which could change with the change in the kinetic mechanism. This type of
comparison, unfortunately, cannot be represented correctly using the monodisperse
model. Moreover, in the proposed model, the gas parameters (gas temperature, gas
velocity, and initial concentration) and monodisperse population balance equations
were solved sequentially, which is a drawback of the model.
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Figure 3.56 Comparison between the measured average primary particle diameters
[91] and average predicted primary particle diameters with the (EDC) model in this
work
3.4.3 Summary of the Findings
For both applications of the EDC and ED model, the difference observed in the
primary particle diameter regarding the application was not very significant. With the
use of the (EDC) model application, the absolute error percent value between the
predicted primary particle diameter and the experimental data [91] was 4% and 5% for
0.5 and 1.0 M precursor concentrations, respectively. The absolute error percent value
between the model predicted gas temperature with use of the (EDC) model application
and the measured data [91] was 9%. Using the (EDC) model increased the
computational time from 2.3 to about 38 h without significantly improving model
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accuracy. It can be concluded that, using the detailed kinetic model had no
improvement, and will not be considered in the following sections.
3.5 Validation of the Modified Model with More Recent Experimental Data
Through the results obtained in Section 3.3, it was clear that by using the COUPLED
algorithm and the (ED) model, Fluent was able to predict the gas temperature and
primary particle diameter with a high accuracy at a reasonable computational time of
2.3h. However, since there were either no data [91], or unreliable temperature and
velocity measurements [87] close to the burner surface, the behavior of the flame close
to the burner surface is still not understood well. Luckily, Meierhofer et al. published
an article studying the flame structure with a state of the art measurement techniques
including the near and the far-field of the nozzle surface in 2020 [93]. We tested our
approach with their pressure and droplet size measurements to validate further. Their
operation data are given in Table 3.6.

Table 3.6 Boundary conditions and process parameters for published data [93]

Boundary B

Type

Mass flow (g/s)

Composition

or pressure (Pa)

(wt.%)

Liquid capillary
Zr: 0

Multicomponent 3.95000×10-5 – 9.21000×10-5 Ethanol: 100

Zr: 0.5

injection

4.20000×10-5 – 9.80000×10-5 1-propanol: 8
(ZP): 20: 8
Ethanol: 72

Dispersion O2 flowrate
5 L/min

Mass flow inlet 1.19057×10−1

O2: 100

Mass flow inlet 9.40053×10−2

O2: 81, CH4: 19

Wall

No-slip

––

1.01325×105

O2: 23, N2: 77

Auxiliary burner

Burner walls

Ambient pressure
Inlet/Outlet
Zirconium n-propoxide (ZP)
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3.5.1 Gas Pressure
Figure 3.57 shows the measured and predicted pressure drop with increasing
dispersion gas flowrates at the constant nozzle gap size. Since there was no information
about the size of the nozzle gap (value of X) in the study of Meierhofer et al. [93], X
was calculated, and found as 0.0786 mm by using the method that was developed in
[96]. The calculation for X was based on the outer diameter of the capillary tube, and
the desired nozzle pressure drop of 1.5 bar for 5 L/min dispersion gas flow given in
[93]. In order to predict the nozzle pressure drop and compare with the measured
pressure drop provided by Meierhofer et al. [93], the Fluent model was run without
combustion (deactivated chemical reaction) and without spray (deactivated DPM) at
constant X for 7 different oxygen dispersion flowrate starting from 1 L/min to 16
L/min, and the Fluent model prediction of nozzle pressures drop was plotted for each
oxygen dispersion flowrate, with measured pressure drop [93] as shown in Figure 3.57.
As can be seen in the figure, the predictions herein perfectly matched the pressure drop
measurements.
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Figure 3.57 Comparison between the measured nozzle pressure [93] and the
predicted nozzle pressure in the current study
Figure 3.58 shows the measured values of the negative pressure above the capillary tip
(aspiration pressure), which were calculated using the Fluent model. The experimental
and Fluent model predictions showed that the relationship was nonlinear between the
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aspiration pressure and the dispersion gas flowrate. It can also be seen that a good
match existed between the measured and predicted values with an error no more than
15% for a flowrate higher than 3 L/min. This comparison showed that the Fluent model
predicted the pressure drop with an accuracy of 99% and the aspiration pressure with
an accuracy of 85% for a dispersion gas flow of more than 3 L/min.
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Figure 3.58 Comparison between the measured capillary tube aspiration pressure
[93] and the average predicted capillary tube aspiration pressure profiles in the
current study
3.5.2 Droplet Size
The gas velocity around the capillary tube was predicted using the Fluent model when
for 5 L/min of dispersion gas (DG) at nozzle gap X = 0.0786 mm to provide 1.5 bar
pressure drop. The gas velocity around the capillary tube was used to calculate the
initial diameter of the droplets by Equation 2.1 for 3 different ethanol liquid flowrates
(LFR) comprising 3, 5, and 7 mL/min. The calculated values of initial spray droplet
size (ID) are shown in Table 3.7.
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Table 3.7 DPM settings for experimental data at different liquid flowrates used from
Meierhofer et al. [93]
Liquid flowrates
(mL/min)

Gap size
X (mm)

Spray droplet ID (µm)
Zr: 0 M
Zr: 0.5 M
Zr: 1.0 M

3

0.0786

16.7

18.0

-

5

0.0786

19.4

21.6

-

7

0.0786

21.4

24.3

-

The DPM was activated in the Fluent model with initial diameter values listed in the
above table to simulate the spray without combustion (cold conditions). The predicted
mean droplet diameter profiles are shown for cold conditions in Figures 3.59. After
Fluent reached a convergence under cold conditions, the single-step reaction of the
methane combustion and pure ethanol were activated using the (ED) model (hot
conditions). The predicted droplet diameter, normalized droplet number concentration
are shown with measured values [93] under hot conditions in Figures 3.60 and 3.61,
respectively.
Figure 3.59 shows the comparison between the predicted droplet diameter with the
measured ones. It can be seen that there is a discrepancy for HAB between 0 and 20
mm, and this can be due to the droplet breakup. Figure 3.59 also shows that the
predictions were only good after 20 mm HAB. Figure 3.60 shows the hot case, and the
predictions were again not good under 20mm. This is likely to have arisen from the
neglecting, the droplet break-up, and the additional force generated upon collision in
the DPM assumptions, which is given in Section 2.2.4.
The effect of neglecting the additional force generated upon collision can be explained
by the presence of a higher droplet concentration in the spray at a HAB <20. This
higher droplet concentration will increase the chance of droplet collision. Figure 3.61
shows that the highest droplet concentration was less than 20 mm. The predicted
droplet concentrations under hot conditions were compared with the measured values
provided in Figure 3f of [93]. As shown in Figure 3.61, there was an agreement
between the measurements and the predictions. A HAB lower than 5 to 10 mm
contained a high concentration of droplets, while at a HAB higher than 10 to 20 mm,
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there was a lower concentration of droplets. According to Figure 3.61, the
concentration of droplets decreased sharply after 10 mm.
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Figure 3.59 Comparison between the measured droplet diameter [93] and the
predicted droplet diameter profiles in the current study for cold conditions
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Figure 3.60 Comparison between the measured droplet diameter [93] and the
predicted droplet diameter profiles in the current study for hot conditions
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Figure 3.61 Prediction of the normalized droplet number concentration at different
HABs for conditions
Moreover, the effect of neglecting the droplet breakup phenomenon in the discrete
phase method setting was also seen. This phenomenon had a direct effect on the
atomization calculations when the droplet Weber number was more than 12, as
reported by Fateh et al. [114]. The droplet Weber number increased with the increasing
gas velocity and droplet diameter. Figure 3.62 shows the change in the predicted
droplet Weber number with the HAB for the case of 3 and 7 LFR under cold
conditions. It can also be seen that the droplet Weber number was more than 12 in the
case of 3 LFR at a HAB <10 mm, and it was more than 12 at a HAB <15 mm in the
case of 7 LFR. In this model, neglecting this phenomenon may have caused the
difference between the predicted droplet diameter and the measured one (see Figures
3.59 and 3.60).
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Figure 3.62 Prediction of the droplet Weber number at different HABs

3.5.3 Gas Velocity
In this section, the model was applied to study the average gas velocity behavior under
cold and hot conditions and compared the results with the measured values using Phase

Gas Velocity, V, ( m/s)

Doppler Anemometer (PDA) [93], as seen in Figure 3.62 and Figure 3.63.

V, prediction at 3 LF, this work

V, measurement at 3 LF

V, prediction at 5 LF, this work

V, measurement at 5 LF
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Figure 3.63 Comparison between the measured gas velocity [93] and the predicted
gas velocity profiles in the current study for cold conditions
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Figure 3.63 shows that the gas velocity under cold conditions was not significantly
affected by the increasing the LFR, and this was identical to the experimental
measurements. It can also be seen that the predicted velocities were much higher than
the measured ones in the area extending from the capillary tube exit to a HAB of 10
mm. This may be explained by one possible reason: the PDA device that was used to
measure gas velocity by Meierhofer et al. [93] was inaccurate to measuring the gas
velocity at a HAB <10 mm. This inaccurately was reported by Meierhofer et al. due
to the unavailability of small droplets at a lower height, which caused the low
measured gas velocity.
Figure 3.64 shows that increasing the LFR increased the mean gas velocity in hot
conditions, and this was identical to the experimental measurements.

V, prediction at 3 LF, this work
V, prediction at 5 LF, this work
V, prediction at 7 LF, this work

V, measurement at 3 LF
V, measurement at 5 LF
V, measurement at 7 LF
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Figure 3.64 Comparison between the measured gas velocity [93] and the predicted
gas velocity profiles in the current study for cold conditions
However, the predicted gas velocity profile in this study showed a different gas profile
velocity at a lower height with the presence of 2 peaks, unlike the gas velocity profile
predicted by Meierhofer et al. [93]. The decrease that occurred before the rise in gas
velocity to the second peak was located at a HAB between 5 and 7 mm, which was the
same region where there was a high concentration of droplets, as stated in the previous
section; therefore, the decrease in velocity before the next rise can be attributed to the
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sudden quenching by the liquid and the absorbed heat required for ethanol evaporation,
especially for a higher LFR, where the gas velocity dropped more.
3.5.4 Gas Temperature
Figure 3.65 shows the predicted and measured temperature distribution along the
center axis, where a good match between the values and the behavior of the
temperature change with the HAB can be seen. Since there were no experimental data
under a HAB of 5 cm, it was not possible to compare the temperature predictions under
this height. However, the model predicted showed that the increased liquid flowrate
caused shift in the peak temperature location downstream. Because of the higher
amount of liquid injection, resulting in more solvent vapor combustion.

Gas Temperature, T, (K)
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Figure 3.65 Comparison between the measured gas temperature (symbols) [93] and
the predicted centerline gas temperature profiles in the current study for spray with
reaction
3.5.5 Primary Particle and Agglomerate Diameters
After matching the low computational time model with the measured values available
from Meierhofer et al. [93], 5 L/min of DG was selected with 3 rates of liquid flow of
zirconium n-propoxide (3, 5, and 7 mL/min) at a concentration of 0.5 M, as given in
table 3.7, to calculate the temperature, gas velocity, and initial concentration of ZrO2
gas. Each case took a computational time of 5.3 h to reach a convergenced solution.
The results obtained from Fluent were used in MATLAB code to calculate the primary
111

diameter and agglomeration by selecting a suitable parameter that gave the best match
with the measured values. In this study, it was found that the diffusion coefficient
equation given by Madeyski et al. [73] gave the best fit with the measured values, and
the selection mass fractal dimension value used was 2.9.
Figure 3.66 represents the comparison between the measured primary particle diameter
(symbols) [93] and the average predicted primary particle diameter profiles in the
current study for 0.5 M of zirconium n-propoxide precursor flow at 3, 5, and 7 mL/min,
and 5 L/min of DG. As seen in Figure 3.66 CFD model was able to predict the size of
the primary diameter collected on the filter paper well.
Figure 3.67 shows the comparison between the model prediction and experimental
data below the filter paper. The measured values of the primary particle diameter (dp,
TEM)

and the agglomerate particle diameter (dc, TEM) were taken for samples that were

taken at different heights between the burner surface and the filter paper (shown in
symbols) [93]. The average predicted diameter in this work (colored line), and the
average predicted diameter values [93] (colored dot line) of the primary particle and
the agglomerate for 0.5 M of zirconium n-propoxide precursor flow at 5 mL/min, and
5 L/min of DG, are shown in Figure 3.67. It shows that, at a HAB < 5 cm for the case
of 5 LFR, the dp, TEM [93] appears to be larger than the predicted primary particle
diameter for this work and for [93]. One reason for the deviation between the measured
and simulated dp, particularly, in the region less than 5 cm above the burner, could be
attributed to the fact that the proposed model was built based on the gas-to-particle
conversion growth mechanism. In fact, however, this region (less than 5 cm) is
expected to contain unevaporated droplets, which leads to the mentioned deviation in
dp. The particle growth mechanism that takes place inside of the liquid phase
determines the particle evolution via a liquid-to-particle mechanism [115]. The liquidto-particle mechanism was not taken into account in this study, since this would require
different population balance equations.
The other possible reason for the deviation between measured and simulated dp can be
explained based on molecular dynamics sintering studies [116], where it is known that
a deviation in the predictions of the particle sizes might also result from neglecting the
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effects of small particles that are <5 nm on the sintering rate (this size is normally
available in this region).
The model prediction for the agglomerate diameter and dc, TEM [93] had a similar trend
after a HAB >30 cm, as shown in Figure 3.67, while at a HAB ≤30 cm, the model
was in less agreement with the prediction with respect to the dc, TEM. Deviations in this
range (at a HAB ≤30 cm) might arise due to the temperature independent fractal
dimension (Df) in Equation (2.29).
The overall accuracy was within 92% and 80% when compared to the experimental
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data [93], despite the above mentioned deviation in the dp and dc.
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Figure 3.66 Comparison between the measured primary particle diameter [93] and
the average predicted primary particle diameter profiles in the current study
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Figure 3.67 Comparison between the measured primary particle diameter and
agglomerate diameter [93] and the average predicted primary particle diameter and
agglomerate diameter profiles
3.5.6 Summary of the Findings
The nozzle pressure drop and the aspiration pressure in the FSP process were predicted
with reasonable accuracy. The Fluent model predicted the pressure drop with an
accuracy of 99% and the aspiration pressure with an accuracy of 85%. Moreover, the
Fluent model predicted the droplet diameter with reasonable accuracy after 20 mm
HAB, and the gas velocity was predicted with a good match between the measured
and calculated velocities at a HAB higher than 10 mm.
Although the model predictions for droplet diameter and gas velocity were inaccurate
at a HAB less than 20 mm, the particle growth in the FSP process was predicted with
a reasonable accuracy because the particle growth process starts after 20 mm HAB.
The particle growth in the FSP process was predicted with the COUPLED algorithm
and the (ED) model in this study resulted in good agreement with the experimental
results in the literature [93], with a maximum absolute error of 8%, 20%, and 2% for
the primary particle diameter, agglomerate diameter, and temperature, respectively.
3.6 Flame Temperature Prediction in the Presence of Nanoparticles
In the development of the low computational time (LCT) model, the effect of
nanoparticle presence on the flame temperature was not considered similar to the work
of Noriler et al. [90], Gröhn et al. [87], and Johannessen et al. [76, 84]. In all pre114

mentioned similar work, the flame temperature was measured for the combustion of
the pure solvent (without the presence of precursor, hence no nanoparticle). However,
such an impact was studied by Engel et al. [95]. It was observed that the flame
temperature dropped about 500 °C as a result of the radiation heat loss from the flame
to soot particles. Similar approach will be applied here by assuming that the
nanoparticles have a similar effect on the flame temperatures. In this section, LCT
model will be modified by considering the presence of the nanoparticles in the flame
to predict the gas temperature.
Experimental data by Schulz et al. [117] and Teoh et al. [118] was used for verification
of the model. A 2-D axisymmetric computational domain (40 cm height, 5 cm in
width) was used.
By assuming that the nanoparticles have a similar effect that soot would have on the
flame temperatures, the theory of the effect of soot on the absorption coefficient was
applied, as explained in Section 2.2.6.1. The absorption coefficient of the gas without
nanoparticles (obtained from the WSGGM, Equation (2.20)), and the absorption
coefficient for nanoparticles in FSP can be determined using Equation (2.23). The
effective absorption coefficient (ags ) at different temperatures can be calculated by
summing the resulting values from Equations (2.20) and (2.23). Then, using a tool
named “CurveExpert software” [119], the calculated value of ags can be fit into
polynomial formulas, and then applied to the mixture properties setting in Fluent as an
absorption coefficient. This setting will reflect the effect of the presence of solid on
the flame temperature, by changing the values of the heat source term Sh in Equation
(2.19) to represent the sinks caused by gas radiation. To do so, it is important to find
the mole fraction of the radiating species (CO2 and H2O) in the gas phase, and
nanoparticle mass concentration (Cm) in the solid phase in the flame. A mass balance
calculation around the chamber was performed to find the mole fractions of the
combustion product gases, such as CO2, water vapor, nitrogen, excess O2 (if available),
and TiO2 vapor. The mass balance was carried out based on the experimental data and
domain dimensions above, and the calculated value of the (Cm) was 0.00928 (kg/m3),
and mole fractions of the combustion product gases were found.
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This approach was then used to find the effective absorption of a mixture of the
nanoparticles and the radiating gas (CO2 and H2O) in the following 2-step process:
The first step was to calculate the total emissivity (ϵt ) coefficient of gas using the
WSGGM, to calculate the absorption coefficient of the radiating gas ag as explained
in Section 2.2.6. In the second step, the value of Cm can be used to calculate the
absorption coefficient of solid as at different temperatures by solving Equation (2.23).
Finally, the effective absorption coefficient ags at different temperatures can be
calculated by summing the resulting values from Equations (2.20) and (2.23). Then,
using the CurveExpert software, the calculated value of ags can be fit into 2 polynomial
formulas, each with a different range of validity, with the first from 600 to 2,400 K
and the second from 2,400 to 3,000 K. The CurveExpert software gives the best fitting
of the ags with the polynomial as the following formula:
n

ags = ∑ Ci Ti
0

where
Ci is the polynomial coefficient constant listed below, Ti is the flame temperature in
K, and n is the degree of the polynomial.
The 4th-degree polynomial was generated for a temperature range of 600 to 2,400 K
using the following constants:
C0 =

3.247985.10-2

C3= 7.374630.10-9

C1 =

1.948232.10-2

C4= –1.22319.10-12

C2 =

–1.58174.10-5

For a temperature higher than 2,400 to 3,000 K, the 3rd-degree polynomial was
generated using the following constants:
C0 =

4.76178.10-6

C2 = –8.23591.10-7

C1 =

7.16144.10-3

C3= 1.02323.10-10

The above polynomial was used to calculate the effective absorption factor for the
Fluent setting to consider the radiation heat loss.
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LCT Model was run for 2 cases; the first was without considering solid radiation
(WOCSR) heat loss from the flame by particles, and the other was when considering
the solid particles radiation (WCSR) heat loss using the above polynomial.
Figure 3.68 shows the Fluent prediction of the gas temperatures WOCSR and WCSR,
and provides an overview of the behavior of the temperature difference between both
cases. It is obvious that the peak temperature was reduced by ≈500 K by considering
the radiation loss, and the temperature difference between the cases WOCSR and
WCSR for 300 K was observed until it reached the end of the domain. The results
showed that, the prediction was in good agreement with the experimental data at a
HAB of 5 cm up to 12 cm for WCSR. At the same time, model predictions showed an
overestimation in the region between 1 and 5 cm. This overestimation in the results
can be attributed to the effect of using the single-step methane reaction. The
investigation in the use of multi-step methane reactions was performed in Section 3.4,
the results showed a drop in gas temperature by use multi-step reaction in the region
from the burner surface up to HAB of 5 cm, as shown in Figure 3.55.
The same investigation showed that, using the multi-step reaction increased the
computational time from 2.3 to about 38 h without significantly improving the model
accuracy.
Moreover, the overestimation in the results may be also explained by considering the
effect of the electrical field strength on the measured flame temperature using Fourier
Transform Infrared (FTIR) [120]. This effect was investigated by Hendrik et al. [120]
using cone-shaped premixed TiO2 particle-laden flame. They found no effect of the
electrical field strength on the measured flame temperature at the lower part of the
flame (HAB <10 mm), while the same investigation showed that the presence of the
electrical field strength had more effect on the measured flame temperature at the
region above 10 mm HAB up to 40 mm HAB, as shown in there (Figure 9).
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Figure 3.68 Comparison between the temperature predictions in this study and
published data [117] by using WOCSR and WCSR methods
The developed model was also tested by comparing it with the measured primary
particle diameters given by Schulz et al. [117] and Teoh et al. [118]. MATLAB code
prediction and experimental data are shown in Figure 3.68. The proposed method
returned very satisfactory results in line with their experimental measurements.
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Figure 3.69 Comparison between the primary particle diameter predictions in this
study and the measured primary particles diameters [117- 118]
by using WCSR method.
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The figures above show that the flame temperature and primary particle diameter were
predicted with reasonable accuracy using the effective absorption of a mixture for the
nanoparticles and the radiating gas (CO2 and H2O) to quantify the heat losses from the
flame by nanoparticles. Correcting for the radiation loss enhanced the temperature
profiles and nanoparticle size predictions.
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CHAPTER 4

DESIGNING A LABORATORY SCALE FSP PROCESS

Designing an FSP system that has the ability to produce up to 100 g/h high-quality
nanomaterials was the general objective of this study. To achieve this, commercially
available ANSYS Fluent (v.19) software and MATLAB code were used to simulate
the FSP production of nanoparticles.
4.1 Design Alternatives for the Combustion Gas Cooling
Different cooling options were studied in order to reduce the temperature of the
combustion gases that pass through the product collection system. The glass fiber filter
paper in the collection system can endure high temperatures of up to 500 °C, so
combustion gases at higher temperatures result in burning of the filter paper. An
optimization study was performed using the Fluent model for a domain width of 300
mm at the base, height of 600 mm, and 15 L/min oxygen dispersion gas, 10 L/min
shield gas, flamelets (1 L/min of CH4 and 1 L/min of O2) and 7 mL/min liquid flowrate
to produce 73 g/h of CeO2 from a precursor of 1M of cerium acetate (C6H9CeO6;
Sigma-Aldrich). Herein, 2 cooling system models were applied separately for these
operating conditions. The first model used air rings fixed inside the domain of a closed
FSP system above the flame as illustrated in Figure 4.1a. In the second model, the
domain was cooled by allowing surrounding air to enter into the domain through a lift
off distance (LOD) created by lifting the combustion chamber up slightly to make a
partially open system, as represented in Figure 4.1b.

120

Figure 4.1 (a) Closed system (left side) and (b) partially open system (right side)
4.1.1 Closed System
In this case, the cooling gas provided by a stainless-steel coiled ring at certain positions
above the burner surface. The position should be decided based on the flame height
where the reaction completely finishes and no more fuel is left to react with. For this
purpose, a comparison was made between the cooling efficiencies for 3-rings at
different heights within the domain using Fluent. The first ring was fixed at a height
of 75 mm, the second was at a height of 125 mm, and the last at a height of 175 mm.
During the comparison, a flow of cooling gas at 60 L/min was sent in the following
cases: 1) the cooling gas was sent through the upper ring only, 2) the cooling gas was
divided into the upper and middle rings, 3) if 60 L/min of cooling gas was divided
equally into the 3 rings. The Fluent results showed the effect of the cooling gas on the
gas temperature profiles in all of the cases, as in Figure 4.2.
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Figure 4.2 Predicted centerline gas temperature profiles at the different cooling rings
Figure 4.2 shows that the flue gas temperature can be decreased to 500 °C at a HAB
of 390 mm in the first case, while this height increased to 420 mm in the second case,
and 430 mm in the third case, respectively. As a result, the lower and middle rings
were not used. In the design case as shown in Figure 4.3, the temperature profile for
the case without cooling at 175 mm was less than 1,500 K. For this reason, circular
rings were used with an inside coil diameter of 50 mm at a HAB of 175 mm for the
simulation domain. The coiled ring had 0.25-mm slit holes and the effect of increasing
the cooling gas flowrate on the design limitations was studied, where the cooling gas
flowrates were 80, 100, 120, and 200 L/min.
In this study, the design limitations were:
1- Filter paper temperature resistance (max 500 °C)
2- The maximum flowrate that the vacuum pump could handle was 30 m3/h (500
L/min)
3- There was no negative axial velocity inside the domain, which diverted the
particles to the bottom of the reactor chamber
Fluent simulation results in Figure 4.3 show that the flue gas temperature could be
decreased to 500 °C at HABs of 370, 350, 270, and 190 mm for the cases of cooling
flowrates of 80, 100, 120, and 200 L/min, respectively. The flue gas flowrates in all
122

the cooling gas flowrate cases were still less than the vacuum pump limitation. The
axial velocity inside the domain in all the cooling gas flowrate cases were in negative
values, as showed in Figure 4.4. The model results for the closed system cooled by the
ring showed good cooling results, but had the disadvantage of minimizing the
production yield as a result of the negative axial velocity inside of the domain.
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Figure 4.3 Centerline predicted gas temperature at different cooling flowrates
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Figure 4.4 Centerline predicted gas axial velocity at different cooling flowrates
4.1.2 Partially Open System
As shown in Figure 4.1b, ambient air enters into the system through a gap in the lower
part of the chamber.
Figure 4.5 illustrates that the combustion gas temperature dropped to less than 500 °C
at a HAB of 250 mm for a LOD of 5 mm. Moreover, the vacuum pump capacity
requirement was no more than 30 m3/h at this point. Therefore, for the LODs tested, 5
mm was the maximum opening that could be used for the ambient cooling of the
combustion gases.
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Figure 4.5 (a) Centerline predicted gas temperature at LOD and (b) flue gas
temperature and flue gas outlet flow at different LOD
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4.1.3 Cooling system optimization
As seen in Table 4.1, the maximum gap that can be allowed was found to be 5 mm in
order to satisfy the pump capacity requirement (max 500 L/min or 30 m3/h). After a
comparison between the 2 cooling system simulation results, the partially open system
was selected for this design because of the following reasons:
1. The temperature at end of the domain could be lowered to 250 °C in the
partially open system, but only dropped to 350 °C in the closed system;
therefore, the partially open system provided better temperature control.
2. The partially open system did not cause flow disturbances, while the closed
system created fluctuations and resulted in a flow in a negative direction.
Finally, the open system utilized the ambient air, while the closed system needed to
use pressurized gas from a cylinder.
Table 4.1 Prediction of the flue gas temperature and flowrate at different LOD
Cooling
system
Closed system
Partially open
system
Partially open
system
Partially open
system
Fully open
system

LOD, mm

Ambient air
enter domain,
(L/min)

Flue gas
outlet of the
domain,
(L/min)

Flue gas
temperature at
the end of the
domain, °C

0
2.5

0
287

037
326

350
380

5.0

453

485

250

7.5

500

539

250

600

930

970

200

4.2 Design Capacity of the System
This design allowed for the production of 100 g/h of cerium dioxide with primary
particles with a diameter of 21 nm, as shown in Figure 4.6. In order to maintain the
production rate at the desired quality, which can be done using the Fluent model, a 5mm LOD was applied in the simulation domain model, where the domain width at the
base was 300 mm, and the height was 600 mm under the following operating
conditions: the pressure drop across the nozzle was 1 bar, oxygen dispersion was 15
L/min, shield gas was 10 L/min, flamelets (1 L/min of CH4 and 1 L/min of O2), and
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liquid precursor flowrate was 7 L/min at different molarities of 0.25, 0.5, 1, and 1.5 M
of cerium acetate to produce 18, 37, 73 and 103 g/h CeO2, respectively. The model
results in Figure 4.6a show the reduction in flue gas temperature to 250 ℃ at filter
paper during produce 18 to 100 g/h of CeO2 with a primary particle diameter in the
range of 12 to 21 nm, as shown in Figure 4.6b, without filter paper burnout and within
the vacuum pump limitation.

Gas temperature
Gas temperature
Gas temperature
Gas temperature

a

at production rate 18 g/h
at production rate 37 g/h
at production rate 73 g/h
at production rate 103 g/h

Gas Temperature (K)

4,638
3,865
3,092
2,319
1,546
773
0
0

10

20

30

40

50

60

Height Above Burner (cm)

Primary Particle Diameter
( nm )

b

Primary particle diameter at production rate 18 g/h
Primary particle diameter at production rate 37 g/h
Primary particle diameter at production rate 73 g/h
Primary particle diameter at production rate 103 g/h
25
20
15
10
5
0
0

10

20
30
40
Height Above Burner (cm)

50

60

Figure 4.6 (a) Centerline predicted gas temperature and (b) predicted primary
particle diameter at different production rate

127

4.3 Construction of the New System
The design considerations can be summarized as follows: First, the filter location in
the exhaust line had to be carefully designed to keep the glass-fiber filter surface
temperature below 500 °C. The temperature profiles of the developed model for a
range of operating conditions were used to design a cooled filtration unit. Second,
cooling of the flame was extremely critical to control the size of the nanomaterial. The
demand for cooling depended on the process parameters, such as the flowrate of the
liquid and gaseous streams, the type of the solvent, the precursors and their
concentrations, and the pressure drop across the nozzle for a fine spray. For a flexible
on-demand cooling, air entrainment at a required rate was designed by adjusting the
LOD of the combustion chamber above the burner base.
Finally, the applied vacuum for a negative pressure gradient across the filtering system
was another important design limitation. The capacity and the power of the vacuum
pump were decided based on a range of operating conditions tested under the required
limitations.
The basis for engineering drawings of the combustion chamber, as shown in Figure
4.7a were:
-

The appropriate HAB for the placement of the filter paper

-

The LOD of the combustion chamber above the burner base to provide the
air in order to cool the flame, and keep the hot gas product flowrate within
the limits of the suction capacity of the vacuum pump.
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300 mm
a

300 mm

b

HAB
180 mm

Thermocouple reader

360 mm

LOD

160 mm

250 mm

Adjustable laboratory
lifting platform stand
320 mm

Figure 4.7 (a) The drawing of design chamber (left-side) and (b) the manufactured
combustion chamber (right-side)
The drawings were prepared on the basis of the dimensions, as a HAB of 625 mm and
adjusting the gap to the LOD dimension. These drawings of the flame spray pyrolysis
system which include the designs of the combustion chamber, the burner, and the
filtration system were made using AUTOCAD by Waqed Khudayer Salman
(TUBITAK, Grant No:117M165). Furthermore, this system was designed to make the
filter paper location adjustable, from 500 to 690 mm, by adding an extra flange at the
end of the combustion chamber. Figure 4.7b shows the combustion chamber after the
final assembly at the workshop.
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4.4 Combined System
In order to test the overall system, the combustion chamber was fixed inside the vented
fume hood for safety precautions, as shown in Figure 4.8. The required gases were
provided in pressurized gas cylinders, and the gases were supplied to the burner
through computer-controlled mass flowmeters. The liquid precursor was pumped into
the burner by a pulse free syringe pump. A vacuum pump was connected at the top of
the combustion chamber to apply a vacuum through the glass fiber filter. In order to
monitor the gas temperature, K-type thermocouples were fixed at different positions,
as indicated in Figure 4.7a. Moreover, Figure 4.7a shows the location of filter paper
(Whatman GFB) to collect the nanomaterial.

Figure 4.8 The assembled production system in the fume hood
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CHAPTER 5

NANO TiO2 PRODUCTION AND MODEL VALIDATION
5.1 Introduction
In an FSP system, process control is very important for producing nanomaterials at a
desired production rate with a high yield and quality, low cost, and under safe
operation conditions. The production rate, high product quality, and yield are related
to the selection of the suitable process parameters, while the cost is related to the
selection of the precursor liquid mixture, process gases, and the process safety is
related to the operational procedures during the production. The production rate can
be increased by increasing the amount of the raw material input, which is increased by
increasing the solution flowrate and/or concentration. Increasing the precursor input
requires more oxygen dispersion gas to atomize it, and this increases the combustion
product gas volume in the chamber. If the particle collection is done by a glass fiber
filter, increased gas volume in the chamber requires a stronger vacuum, which in turn
can burst the filter, therefore a delicate control is required.
In this chapter, experiments were conducted by Aslı K. Onay and Bilge Bozkurt
(TUBITAK, Grant No:117M165) in the “Reaction Engineering and Combustion
Research Laboratory” directed by Dr. Machin at Atilim University. The effects of the
most important process parameters on the FSP process during the production of pure
nano-titanium dioxide (TiO2) were studied with a series of experiments. Additionally,
validated simulation model was applied to explain how the process parameters affected
the structure of the flame. The size of the nanoparticles predicted with our model were
compared with the experimental measurements with the goal of understanding flame
structure-product quality relationship.
5.2 Experimental Device and Setup
The schematic representation in Figure 5.1 shows the FSP system that is shown in the
photograph in Figure 4.8. The combustion chamber, filter holder, and the cooled
burner were designed and manufactured at two manufacturing shops in Organized
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Industrial Region in Ankara (OSTIM). Two-phase nozzle (Schlick 970) was purchased
from Dusen-Schlick (Germany) and placed at the center of the cooled premixed
burner.

Y

X

Vacuum pump

Glass fiber filter
Thermocouple at (-12, 68)

Agglomeration

Thermocouple at (0, 30)

Mass flowmeter
control system

Coagulation
Sintering
Surface growth

Thermocouple at (0, 20)
Thermocouple at (0, 10)

Nucleation
Chemical reaction
nAtomizatio
n
Pressure gauge
at 0,10)
at 0,10)

MFC
MFC
MFC

Figure 5.1 Schematic diagram of the designed system
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Air gas cylinder

Syringe pump

Methane gas
cylinder

Temperature
reading unit

Oxygen gas
cylinder

Cooling water outlet

Gas cylinder house

Cooling water inlet

Precursor to capillary

MFC

TiO2 nanoparticles were produced at different liquid solution flowrates,
concentrations, oxygen dispersion gas flowrates, and nozzle pressure drops. An
optimized mixture of 1-butanol and propionic acid were used as the solvent, and
titanium (IV) isopropoxide (TTIP, Sigma Aldrich) was used as a precursor for these
experiments.
The solutions of 0.5 M and 1.0 M precursor concentrations were injected with 2
different liquid flowrates (2.5 and 5 mL/min) using a syringe pump (Harvard) into the
capillary tube in the center of the nozzle, which had an inside diameter of 0.6 mm. The
solution was atomized using oxygen dispersion flowrates of 5 and 10 L/min. Any
change in the dispersion gas flowrate causes a change in the pressure drop of the
dispersion gas across the nozzle. In order to control the pressure drop, the nozzle air
cap position was adjusted by changing the distance ring height (DR) according to
Equation (32), given in the reference [96].
The atomized liquid droplets were heated and ignited by an existing premixed flame.
The premixed gas consisted of CH4 and pure oxygen, supplied at a flowrate of 1 L/min
and 1 L/min, respectively. The premixed flame burner ring had 32 holes, each with a
diameter of 0.5 mm. The main flame was shielded by 10 L/min of air passing through
a stainless steel disk with uniformly distributed holes. The combustion chamber fully
enclosed the burner, and it was designed to be used either completely closed or
partially open, by adjusting the lift-off distance (LOD).
The process consisted of three major sections: the raw material unit, combustion
chamber unit, and product handling unit. The raw material handling unit was divided
into a gas and a liquid raw material feed system. In the former, the setup started from
the gas storage cylinders, from where the gases passed through the mass meter unit
(Bronkhorst) controlling the required gas flow into the reactor. In the liquid raw
materials system, the solution was injected into the chamber using a 100 mL gas-tight
syringe (Hamilton) and a syringe pump (Harvard). The combustion chamber unit is
considered as the heart of the system, because it accommodates the FSP reactor. The
important step during the start-up is to open the cooling water to provide reactor
cooling, and then to ignite the premixed flame to heat up the chamber. After
stabilization of the pilot flame, air was sent in to shield the flame. Later, the solution
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was sent to the nozzle center pipe to form the main flame, upon which nanoparticle
production started. The temperature before the filter paper must be kept below 500 ℃
to avoid burning it. To monitor the flame temperature, four thermocouples (type K,
OMEGA) were placed inside of the combustion chamber along the centerline. In the
product material handling unit, particle-laden combustion gases from the flame were
filtered using a Whatman GF/D, 257-mm diameter glass fiber filter paper to collect the
newly formed particles. This filter paper was positioned about 70 cm above the flame.
The flow through the filter paper was controlled using a vacuum pump (Anest IwataISP500C) at 500 L/min capacity, which decreases with increasing the thickness of cake
on the filter paper.
5.3 Operation Conditions
The operation conditions and expected theoretical production rate are shown in Table
5.1. They were chosen to compare the computationally predicted particle size with the
experimentally obtained particle size under the conditions of:
-

Increasing Ti precursor concentration at constant liquid flowrate

-

Increasing Ti precursor flowrate under the constant concentration

both of which aimed to increase the production rate with a desired particle size. Both
cases were studied under a nozzle pressure drop of more than 0.85 bar (critical
pressure). The enthalpy input to the flame through the precursor solution was adjusted
to be above 4.7 kJ/ggas. The effect of increasing the enthalpy input on the spray
evaporation rate and particle size were investigated. The enthalpy input is closely
related to the gas to liquid mass ratio (GLMR); therefore, the enthalpy input was
evaluated along with the GLMR. The effect of co-flowing ambient air through the
partial opening of the combustion chamber was another parameter investigated for its
effect on the particle size. Since any pressure drop has a significant effect on the spray
droplet size, the experiments under the same pressure drop were grouped together.
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LOD, mm

10
10
10
10
10
10
10
10
10
15
15
15
15
15
15
15
10
10
10
10
10
10

Theoretical production, g/h

10
10
10
10
10
10
10
10
5
5
5
5
5
5
5
5
10
10
10
10
10
10

ΔP calc, bar

2.5
5
2.5
5
2.5
5
2.5
5
2.5
5
2.5
5
2.5
5
2.5
5
5
5
5
5
5
5

DR, mm

Oxygen dispersion, L/min

4.8
9.7
4.8
9.6
4.8
9.7
4.8
9.6
9.7
19.3
9.6
19.3
9.7
19.3
9.6
19.3
10.6
10.4
9.7
9.6
10.6
10.4

GLMR

Precursor flowrate,
mL/min

0.5
0.5
1.0
1.0
0.5
0.5
1.0
1.0
0.5
0.5
1.0
1.0
0.5
0.5
1.0
1.0
0.5
1.0
0.5
1.0
0.5
1.0

Shield gas flowrate, L/min

H, kJ/ggas

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

C, TTIP, M

Experiment No

Table 5.1 Operation parameters for the experiments to produce TiO2

6.0
3.0
6.0
3.0
6.0
3.0
6.0
3.0
3.0
1.5
3.0
1.5
3.0
1.5
3.0
1.5
3.0
3.0
3.0
3.0
3.0
3.0

2.37
2.37
2.37
2.37
2.43
2.43
2.43
2.43
2.28
2.28
2.28
2.28
2.31
2.31
2.31
2.31
2.43
2.39
2.39
2.39
2.39
2.39

2
2
2
2
1
1
1
1
13
13
13
13
2.7
2.7
2.7
2.7
1
1.5
1.5
1.5
1.5
1.5

6
12
12
24
6
12
12
24
6
12
12
24
6
12
12
24
12
24
12
24
12
24

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
10
10
10
10

To properly control the operations, there are many parameters that need continuous
monitoring, such as gas temperature above the flame, gas temperature before and after
the GFD filter paper, dispersion oxygen pressure drop, gas flowrates to the reactor,
and vacuum level and pump body temperature. Four thermocouples (Omega type-K)
were placed inside of the combustion chamber at the centerlines of 10, 20, and 30 cm
above the flame. The position of the fourth thermocouple, which was placed before
the filter paper, was at a distance of 12 cm from the centerline in the X direction, and
68 cm above the burner in the Y direction. The position of this thermocouple was at a
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height higher than that in Section 4.3 (where the basic dimension was 62.5 cm) in the
Y direction, because of the addition of 2 extra connections was required in all of the
experiments. The temperature readings were taken regularly during the experiment
using the reading unit as shown in Figure 5.1, and listed as Tr1, Tr2, Tr3, and Tr4 in Table
5.2. In FSP, the thermocouple reading needs correction with respect to the heat losses
due to the radiation and convection. To do so, the typical techniques found in the
literature for addressing these losses were used [121][91], which yielded a temperature
difference between the actual gas temperature (Ta) and thermocouple reading (Tr), as:
ΔT=Ta–Tr= (εσTr 4) /hc

(5.1)

Here, the emissivity (ε) of nickel at 0.18 was taken from Teodorescu et al. [122], and
the Stefan-Boltzmann’s constant (σ) and the convective heat transfer coefficient (hc)
were also calculated with hc = k·Nucyl /dj. For turbulent lateral gas cross-flow
conditions, the Nusselt number of a cylinder can be expressed by the Reynolds (Re)
and Prandtl numbers (Pr), as:
Nucyl = (0.037 Re0.8Pr) / (1+2.443 Re−0.1(Pr0.67−1)) [123].

(5.2)

The required data to calculate the convective heat transfer coefficient was calculated
by the Fluent hot run result later, around each thermocouple, which comprised the gas
thermal conductivity k, gas velocity, gas viscosity, and gas heat capacity.
The temperature before the filter paper had to be kept below 500 °C to avoid burning
it, while regular readings were taken during the experiments and listed as Tr4 in Table
5.2. In order to keep the vacuum pump working for a long period, gas stream in the
pump inlet had to be kept at less than 50 oC. A cooling unit with a cooling liquid at –
9 ℃ was used to provide an indirect cooling. The inlet gas temperature to the vacuum
pump reading was taken with a local J-type thermocouple. In addition, the vacuum
pump body temperature was taken using a Laser gun device.
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Tr4, ℃

Product on filter
paper, g

517

356

327

290

2.147

0.817

67

93

2

635

487

432

370

1.175

0.955

39

71

3

426

262

272

284

3.317

55

55

4

768

539

429

341

2.849

2.413

40

73

5

403

334

309

282

1.893

0.550

61

79

6

703

515

459

376

2.003

0.659

63

83

7

398

338

305

327

3.649

1.805

59

88

8

714

466

420

357

3.239

1.539

45

66

9

619

387

330

290

1.070

1.014

33

65

10

742

464

418

318

1.515

0.414

42

54

11

585

407

336

295

2.930

0.572

73

88

12

803

532

477

376

3.388

1.971

53

84

13

679

411

363

315

0.882

1.998

27

87

14

889

548

479

367

1.695

0.486

47

61

15

586

393

348

293

2.009

0.759

63

87

16

0

587

477

375

1.574

0.760

44

65

17

812

564

517

411

1.646

1.587

46

90

18

783

543

472

380

2.574

0.968

54

74

19

761

547

479

381

1.981

1.040

58

89

20

717

526

465

363

2.969

1.217

62

87

21

812

572

498

396

2.080

0.746

69

94

22

743

548

488

385

2.973

1.087

68

92

----

Total yield %

Tr3, ℃

Yield % on filter
paper

Tr2, ℃

1

Experiment No

Tr1, ℃

Product from inside
wall, g

Table 5.2 Temperature measurements and yield for the TiO2 production

5.4 Simulation of the Experiments
The modeling method in this study to simulate FSP was discussed in detail in Section
3.3. The predicted gas velocity around the capillary tube exit was used in calculating
the initial droplet (ID) diameter. The predicted gas temperatures were compared with
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the corrected thermocouple reading. Finally, using the predicted temperature, gas
velocity, and initial TiO2 initial monomer concentration (No), the MATLAB code was
applied to determine the properties of the TiO2 nanoparticles.
5.4.1 Geometry Building and Mesh Independency Test
The 2D axisymmetric model domain adopted in this study is shown in Figure 5.2, and
its dimensions were adjusted at the nozzle gap to test each set of experiments. ANSYS
Design Modeler was used to build the computational geometry.
Ambient (pressure outlet)

Wall (wall no-slip)
Pilot Flame (mass flow inlet)
Nozzle Walls (wall no-slip)

Dispersion Gas (mass flow inlet)
Injector (surface injection)

Shield Gas (mass flow inlet)
a

Axis

b

c

Figure 5.2 (a) Computational domain of the new system. (b) Inset side-view of the
burner. (c) Inset side-view of the nozzle and the capillary tube
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An initial mesh was created for the simulation domain, as shown in Figure 5.3. The Astructured quadrilateral mesh was adopted in the current computation to keep the mesh
at high quality during the mesh refinement, while the grid around the capillary tube
and the atomizer were progressively refined. In order to make sure that the Fluent
simulation results did not depend on the mesh size, a mesh dependency test was
performed and the optimum mesh size was selected accordingly, and then transferred
to the Fluent program.

a

b

Figure 5.3 (a) Initial mesh of computational domain of the new system. (b) Inset:
refined mesh of atomizer
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The initial mesh comprised 236,946 nodes. For the domain with the dimensions shown
in Figure 5.2, the first mesh was refined. Table 5.3 shows the mesh size and quality of
the initial mesh size, optimum mesh, and fine mesh.
Table 5.3 Results of the mesh dependency test for the new system domain in this
work
Quality parameters

Initial mesh

Second mesh

Third mesh

Orthogonal quality should
be >0.10

0.64

0.64

0.64

0.50

0.50

0.50

236,946

352,256

490,600

Grid size, nodes

Gas Temperature, T, (K)

T, for mesh No 1
T, for mesh No 3
V, for mesh No 2

T, for mesh No 2
V, for mesh No 1
V, for mesh No 3

4,000

80
70
60
50
40
30
20
10
0

3,000
2,000
1,000
0
0

10

20

30

40

50

Gas Velocity, V, (m/s)

Skewness should be <0.80

60

Height Above Burner (cm)
Figure 5.4 Gas temperature grid dependence, T (left y-axis) and gas velocity grid
dependence, V (right y-axis)
In the mesh dependency test, 2 process parameters on the centerline of the domain
were selected. The gas temperature and gas velocity were considered as the monitoring
parameters in this test. Figure 5.4 shows that the mesh size of the mesh independent
solution had a node count of more than 352,256, with an orthogonal quality of 0.64
and skewness of 0.50. Thus, the mesh size with 352,256 node was considered as an
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optimum mesh because it passed the mesh dependency test and the mesh parameters
(orthogonal quality and skewness) exceeded the mesh quality rules, which play a vital
role in meshing.
5.4.2 Fluent Numerical Scheme
In this simulation, the LCT Model was run in 2 cases; the first was without considering
solid radiation (WOCSR) heat loss from the flame by particles, and the other case was
when considering solid radiation (WCSR) heat loss, as explained in Section 3.6.
5.4.3 Cold Run
Fluent-based cold runs were conducted for 4 sets of experiments, using the designed
system to produce TiO2 at different nozzle pressure drops, or different oxygen
dispersion flows, as shown in Table 5.1. There were 2 reasons to make a cold run test:
first, to provide an initial solution to reach the convergence during the hot run later,
and second, to predict the oxygen dispersion gas velocity around the exit of the
capillary tube, which was necessary to calculate the initial droplet (ID) size using
Equation (2.1) given in the atomization modeling theory (Section 2.2.1).
For the purposes herein, the Rosin-Rammler-Sperling-Bennet (RRSB) droplet size
distribution parameters were calculated based on the method explained in the ANSYS
Fluent Theory Guide [56]. The droplet mean diameter and spread parameter resulted
from the RRSB method. Those results were calculated based on the maximum droplet
diameter ID and minimum diameter value. The minimum diameter value was assumed
as 0.9 micron [93], yielding the results shown in Table 5.4.
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Experimental No

Nozzle pressure drop, bar

Predicted nozzle pressure drop using
Fluent cold run, bar

Predicted initial droplet diameter using
Equation (2.1), micron

Maximum diameter, micron

Mean diameter, micron

Spread parameter, micron

Minimum diameter, micron

Set 7 Set 6 Set 5

Set 4

Set 3

Set 2

Set 1

Set No

Table 5.4 Fluent cold run results and calculated RRSB droplet size distribution
parameters

1
2
3
4
5
6
7
8
9
10
11
12

2
2
2
2
1
1
1
1
13
13
13
13

1.94
1.94
1.94
1.94
0.81
0.81
0.81
0.81
10.20
10.20
10.20
10.20

14
17
15
18
15
18
16
20
20
25
22
26

14
17
15
18
15
18
16
20
20
25
22
26

09.00
11.25
09.80
12.00
09.80
12.00
10.50
13.25
13.25
16.80
14.50
16.50

4.405
4.451
4.546
4.420
4.546
4.420
4.507
4.446
4.446
4.404
4.475
5.573

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9

13

2.7

2.25

23

23

15.50

4.403

0.9

14
15
16
17
18
19
20
21
22

2.7
2.7
2.7
1
1.5
1.5
1.5
1.5
1.5

2.25
2.25
2.25
0.81
1.38
1.38
1.38
1.38
1.38

28
23
30
20
20
18
19
19
20

28
23
30
20
20
18
19
19
20

18.50
15.50
20.00
13.25
13.25
12.00
12.5.0
12.5.0
13.25

4.460
4.403
4.420
4.446
4.446
4.420
4.488
4.488
4.446

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9

(RRSB) droplet size distribution
parameter based on method at [56]
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5.4.4 Hot Run- with and Without the Radiation Losses
When Fluent was run in the case of flame, first, the radiative heat losses from the solid
particles was neglected, and the discrete phase was activated with an RRSB size
distribution, while the species transport was activated with a reduced reaction
mechanism [124- 126], by applying the (ED) method, for the following reactions:
C12H28O4Ti

TiO2 + 4C3H6 + 2H2O

(5.3)

C3H6

+ 4.5 O2

3CO2 + 3H2O

(5.4)

CH4

+ 2 O2

CO2

+ 2H2O

(5.5)

C4H10O

+ 6 O2

4CO2 + 5H2O

(5.6)

C3H6O2

+ 3.5 O2

3CO2 + 3H2O

(5.7)

Since the materials database in Fluent lacked certain materials in the gas phase
mixture, and the liquid droplet mixture properties, a Fluent user-defined database was
created for the Ti precursor C12H28O4Ti (TTIP), C4H10O, TiO2, and C3H6O2
components, both in the gas phase and the droplet phase. Additionally, the physical
and chemical properties were required for the created materials, most of which, for the
TTIP used in this study, were obtained from Keller et al. and Buerger et al. [127– 128].
Finally, after the Fluent hot run reached a convergence, the average temperature was
extracted to be compared with the thermocouple readings. As stated before, this was a
K-type device with a nickel wire junction that was 1.5 mm in diameter (dj). In order to
compare the Fluent temperature prediction with these temperature measurements, the
predicted gas temperature profiles were averaged along the axis within 1.5 mm at each
point. Additionally, corrections were necessary for the thermocouple readings [91,
129]. In order to correct the thermocouple readings, Equations (5.1) and (5.2) were
solved with the parameters resulting from the Fluent hot run (gas thermal conductivity
k, gas velocity, gas viscosity, and gas heat capacity). ΔT was calculated by using
Equation 5.1 in Section 5.3. The correct thermocouple reading (actual gas temperature)
resulted from adding the value of ΔT to the thermocouple reading, and the results are
listed in Table 5.5. This showed that the greatest difference in temperature was at the
1st thermocouple, with an average of 115 K. The difference in temperature at the 3rd
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thermocouple was 60 K, because ΔT was directly proportional to the flame
temperature, as seen in Equation (5.1).

EXP No

Tr1, K

Tr2, K

Tr3, K

Ta1, K

ΔT1, K

Ta2, K

ΔT2, K

Ta3, K

ΔT3, K

790
908
699
1,041
676
976
671
987
892
1,015
858
1,076
952
1,162
859
1,085
1,056

629
760
535
812
607
788
611
739
660
737
680
805
684
821
666
860
837
816

600
705
545
702
582
732
578
693
603
691
609
750
636
752
621
750
790
745

829
976
723
1,177
698
1,075
692
1,094
986
1,184
941
1,296
1,078
1,453
937
1,252
1,201

39
68
24
136
22
99
21
107
94
169
83
200
126
291
78
167
145

655
821
549
885
638
858
638
793
708
817
730
913
734
941
710
985
933
899

26
61
14
73
31
70
27
54
48
80
50
108
50
120
44
125
96
83

626
757
566
764
609
795
600
744
648
774
656
846
682
851
664
831
888
821

26
52
21
62
27
63
22
51
45
83
47
96
46
99
43
81
98
76

Set 6

19
20

1,034
990

820
799

752
738

1,159
1,098

125
108

901
873

81
74

822
803

70
65

21
22

1,085
1,016

845
821

771
761

1,268
1,134

183
118

948
907

103
86

858
821

87
60

Set 4

Set 3

Set 2

Set 1

Set No
Set 5

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Set 7

Table 5.5 Differences between the thermocouple readings and the actual gas
temperature

Radiative heat losses from the solid particles was considered by applying the method
in Section 3.6. The effective absorption coefficient for nanoparticles was calculated
using the mole fraction of the radiating species (CO2 and H2O) in the gas phase, and
the nanoparticle mass concentration (Cm) in the solid phase in the flame. The mass
balance calculation around the chamber was performed to find the mole fractions of
the combustion product gases, such as the CO2, water vapor, nitrogen, excess O2 (if
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available), and TiO2 vapor in the combustion flue gas. Table 5.1 provides all of the
required data to perform the mass balance calculations around the domain. Equations
(5.3) to (5.7) were used to calculate the gas mole fraction of the combustion products
and Cm. The results obtained were for the mole fractions of the H2O, CO2, and TiO2,
nanoparticle mass concentration (Cm, kg/m3), and also the theoretical production rate
of TiO2, which are all presented in Table 5.6.

Experiment No

Theoretical
production, g/h

CO2 mole fraction

H2O mole fraction

Cm, kg/m3

Experiment No

Theoretical
production, g/h

CO2 mole fraction

H2O mole fraction

Cm, kg/m3

Table 5.6 Mole fractions of radiant gas, and TiO2, nanoparticle mass concentration,
in the flue gas

1
2
3
4
5
6
7
8
9
10
11

6
12
12
24
6
12
12
24
6
12
12

0.146
0.232
0.145
0.231
0.146
0.232
0.145
0.231
0.183
0.228
0.144

0.204
0.302
0.203
0.301
0.204
0.302
0.203
0.301
0.256
0.297
0.202

0.0038
0.0068
0.0076
0.0136
0.0038
0.0068
0.0076
0.0136
0.0047
0.0067
0.0075

12
13
14
15
16
17
18
19
20
21
22

24
6
12
12
24
12
24
12
24
12
24

0.227
0.145
0.228
0.144
0.227
0.236
0.235
0.232
0.231
0.236
0.235

0.295
0.202
0.297
0.202
0.295
0.318
0.315
0.302
0.301
0.318
0.315

0.0135
0.0037
0.0067
0.0075
0.0135
0.0068
0.0136
0.0003
0.0006
0.0003
0.0006

This approach was then used to find the effective absorption of a mixture of the
nanoparticles and the radiating gas (CO2 and H2O).
Finally, the effective absorption coefficient, ags , at different temperatures was
calculated by summing the resulting values from Equations (2.20) and (2.23). Then,
using the CurveExpert software, the calculated value of ags was fit into 2 polynomial
formulas, each with a different range of validity, with the first from 600 to 2,400 K
and the second from 2,400 to 3,000 K. The CurveExpert software gave the best fitting
of ags with the polynomial formula as given in Appendix A (page 229).
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Figure 5.5 to Figure 5.26 present the comparisons of each experiment, showing the
predicted average gas temperature (Tav) by using WCSR (blue line), predicted gas
centerline temperature (Tcenter) by using WCSR (brown line) and WOCSR (black line),
with (Tr) the thermocouple reading (black symbol), and (Ta) the actual gas
temperature (yellow symbol). For the case where radiation was neglected (WOCSR),
Fluent-based hot run temperature prediction for each case was done. Fluent predicted
temperature (T1, T2, and T3) and the actual thermocouple readings (Ta1, Ta2, and Ta3)
for the same positions are presented in the same Figures. The results show that the
highest error, 24%, was observed at the first thermocouple, followed by 16% at the
second thermocouple, and finally a decline to 10% at the last thermocouple. Using the
polynomial in Table A.1 (Appendix A) for the absorption coefficient in the Fluentbased mixture properties setting, the effects of the radiation exchange between the
nanoparticles and the gas phase were considered (WCSR), and the errors were reduced
to 7%, 10%, and 4% in the 1st, 2nd, and 3rd thermocouples, respectively, showing a

Gas Temperature, T, (K)

significant improvement in the predictions.

5,000

Tav, by using WCSR

Tcenter, by using WCSR

Tcenter, by using WOCSR
Ta

Tr
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3,000
2,000
1,000
0
0
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20
30
40
Height Above Burner (cm)

50

60

Figure 5.5 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.1. Symbols represent the thermocouple readings
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Figure 5.6 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.3. Symbols represent the thermocouple readings
Tav, by using WCSR

Tcenter, by using WCSR

Tcenter, by using WOCSR

Ta

Tr

5,000
4,000
3,000
2,000
1,000
0
0

10

20
30
40
Height Above Burner (cm)

50

60

Figure 5.7 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.5. Symbols represent the thermocouple readings
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Figure 5.8 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.7. Symbols represent the thermocouple readings

5.5 Prediction of the Flame Height
In order to find a relationship between the flame height and the gas temperature, the
experiments were divided to 4 groups based on their combustion enthalpy density
(CED) values and global equivalence ratios (GEQR). A ratio of the liquid-feed
precursor enthalpy (kJ/min) to the overall gas flow (ggas/min) within the spray was
described as the CED. The GEQR was considered here to be the quantity of oxygen
supplied through the dispersion gas, shield gas, and pilot flame over the quantity of
oxygen needed for full combustion. A GEQR <1 reflects fuel-rich conditions in which
the dispersion oxygen is insufficient, and the flame relies on additional oxygen from
the surrounding ambient air. The CED values and GEQRs for all of the experiments
are listed in the following tables.
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Table 5.7 Predicted temperature at a visible flame height for the first group

Experiment
No

Visible
flame
height, mm

Predicted temperature
ΔPcalc, CED GEQR
at a visible flame
bar
kJ/ggas
height, K

1

55

1,320

2

4.8

1.34

3

59

1,328

2

4.8

1.35

Average visible flame temperature= 1,324 K
5

58

1,313

1

4.8

1.34

7

NA*

-

1

4.8

1.35

Average visible flame temperature= 1,313 K
*N/A: no available data.
In the first group, the experiments in Table 5.7 were used to study the flame behavior
and analyze the relationship between the visible flame height and the gas temperature
at the end of the visible flame height. The flame height was observed to be
approximately 55–59 mm, as seen in Appendix B (Figures B.1 to B.4) (on the right)
(photos of the real flame)).
The flame heights were directly dependent on the CED, dispersion gas pressure drop,
and the concentration. All of the experiments were performed with the same CED
values and the same pressure drop. The average temperatures from Table 5.7 (≈1,324
K) and (≈1,313 K) were chosen to indicate the flame height for the experiments at 2
bar and 1 bar, respectively.
In the second group, the 10 experiments in Table 5.8 had slightly different CED and
GEQR values because of the difference in the concentration. The visible flame height
in this group was measured in Appendix B (Figures B.5 to B.14) and reported with the
predicted temperature at the end of the visible flame height in Table 5.8. The observed
flame height was in the range of 70 to 85 mm. (CED was constant at 5.7). When the
data in Table 5.8 were compared with those in Table 5.7, the increase in temperature
by the increase in heat input CED can be observed.
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Table 5.8 Predicted temperature at a visible flame height for the 2nd group
Visible
flame
height,
mm

Experiment
No

Predicted
temperature at a
visible flame
height, K

2
80
1,413
4
83
1,452
Average visible flame temperature= 1,432 K
6
83
1,400
8
85
1,448
Average visible flame temperature= 1,424 K
9
60
1,400
11
NA
Average visible flame temperature= 1,400 K
13
65
1,390
15
75
1,350
Average visible flame temperature= 1,370 K
17
85
1,402
Visible flame temperature=1402 K
18
80
1,440
Visible flame temperature= 1,440 K

ΔP calc,
bar

CED
kJ/ggas

GEQR

2.0
2.0

9.7
9.6

0.97
0.97

1.0
1.0

9.7
9.6

0.97
0.97

13.0
13.0

9.7
9.6

0.83
0.94

2.7
2.7

9.7
9.6

0.94
0.94

1.0

10.6

0.94

1.5

10.4

0.97
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Figure 5.9 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.2. Symbols represent the thermocouple readings
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Figure 5.10 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.4. Symbols represent the thermocouple readings
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Figure 5.11 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.6. Symbols represent the thermocouple readings
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Figure 5.12 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.8. Symbols represent the thermocouple readings
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Figure 5.13 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.9. Symbols represent the thermocouple readings

152

Tav, by using WCSR

Tcenter, by using WCSR

Tcenter, by using WOCSR

Ta

Gas Temperature, T, (K)

Tr
5,000
4,000
3,000
2,000
1,000
0
0

10

20
30
40
Height Above Burner (cm)

50

60

Figure 5.14 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.11. Symbols represent the thermocouple readings
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Figure 5.15 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.13. Symbols represent the thermocouple readings
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Figure 5.16 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.15. Symbols represent the thermocouple readings
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Figure 5.17 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.17. Symbols represent the thermocouple readings
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Figure 5.18 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.18. Symbols represent the thermocouple readings
In the third group, four experiments were done in the partially open system by keeping
the LOD at10 mm and the additional air entering the domain as draft air, leading to an
increase in the GEQR, as seen in Table 5.9. The visible flame height in this group was
measured as shown in Appendix B (Figures B.15 to B.18) and reported with the
predicted temperature at end of the visible flame height in the following Table 5.9.
Table 5.9 Predicted temperature at a visible flame height for the 3rd group

Experiment
No

Visible
flame
height,
mm

Predicted temperature
at a visible flame
height, K

19
65
1,650
20
67
1,621
21
75
1,621
22
78
1,645
Average visible flame temperature= 1,635 K
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ΔPcalc,
bar

CED
kJ/ggas

GEQR

1.5
1.5
1.5
1.5

9.7
9.6
10.6
10.6

11
11
11
11
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Figure 5.19 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.19. Symbols represent the thermocouple readings
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Figure 5.20 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.20. Symbols represent the thermocouple readings
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Figure 5.21 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.21. Symbols represent the thermocouple readings
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Figure 5.22 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.22. Symbols represent the thermocouple readings
The last group consisted of four experiments with a high value of CED at fuel-rich
combustion. Based on Figures B.19 to B.22 in Appendix B, the visible flame height
was listed in Table 5.10. There was a significant difference in the flame height between
this group and the previous one (1st and 2nd group). The average visible flame
temperature increased to 1,450 K for both at a pressure drop of 2.7 bar and 13 bar,
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respectively. The reason for this increase in the average visible flame temperature in
this group was that all of these pairs in this group has more heat input to the flame.
Table 5.10 Predicted temperature at visible flame height for the fourth group

Experiment Visible flame
No
height, mm

Predicted temperature ΔPcalc,
CED GEQR
bar
at visible flame
kJ/ggas
height, k

10

88

1,480

13.0

12

103

1,450

13.0

19.3
19.3

0.67
0.68

Average of visible flame temperature= 1,465 K
14

95

1,450

2.7

16

110

1,432

2.7

19.3
19.3

0.67
0.68

Average of visible flame temperature= 1,440 K
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Figure 5.23 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.10. Symbols represent the thermocouple readings
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Figure 5.24 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.12. Symbols represent the thermocouple readings
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Figure 5.25 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.14. Symbols represent the thermocouple readings
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Figure 5.26 Predicted temperature profiles by using WCSR and WOCSR techniques
for experiment No.16. Symbols represent the thermocouple readings
The peak gas temperature in the overall domain is strongly dependent on the GEQR,
while the local peak gas temperature at centerline is strongly dependent on the local
equivalence ratio (LEQR). The LEQR is defined as the ratio of the actual mass of the
oxygen supplied to flame over the required mass of the oxygen to complete the
combustion at a certain location. In this calculation, the actual mass ratio of the oxygen
includes the oxygen from the surrounding ambient air (when the chamber is partially
open, LOD≠ 0).
Figure 5.27 shows the predicted centerline LEQR for the 4 experiments in the different
groups discussed above. As can be seen in the figure, Experiment No. 16 in the 3rd
group exhibited significantly less LEQR than the other 2 groups. This trend showed
that the combustion at centerline was more fuel-rich in Experiment No. 16 in the 3rd
group than in the other 2 groups. For this reason, Experiment No. 16 had the smallest
peak temperature, at 3,000 K, when compared with Experiment No. 1 (4,500 K) and
experiment No. 2 (4,300 K).
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Figure 5.27 Predicted LEQR in the four experiments from different groups
5.6 Comparison of the Predicted Nanoparticle Sizes with the Experimental Data
The predicted temperature and gas velocity were calculated by assuming the
monodisperse aerosol model, as discussed in Chapter 3. In the model, the Fluent code
calculates the gas temperature and gas velocity at each position inside the domain.
After converged, the temperature and the velocity profiles are supplied to the
MATLAB code as initial conditions to solve the set of the differential equations. The
specification parameter of the nanoparticle (dp, dc, and np), as one spatial dimension, is
also calculated with this code.
Table 5.11 shows the model-predicted titanium particle sizes that were calculated
using the 3 proposed sintering times (Equation number 2.35) given by Kobata et al.
[69], (Equation number 2.36) given by Seto et al. [75], and (Equation number 2.37)
given by Johannessen et al. [76]. They were compared with the results from the surface
area analysis (Brunauer-Emmett-Teller (BET)) dBET, and the diameter measured using
the transmission electron microscope (TEM) images. The TEM analysis provided
high-resolution transmission electron microscopy (HRTEM) images. The primary
particles in the HRTEM images were counted using Image J 1.52 V (Wayne RasbandNational Institutes of Health) software, which was used to measure the diameter of the
primary particles. Statistical analysis of the data was performed to calculate the
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average primary particle diameter from 250 spherical particles in the image, as an
example seen in Appendix G (Figures G.1 to G.6). The average nanoparticle for all of
the experiments was estimated by the same method, they are listed in Table 5.11
below. The discrepancy between the measured and predicted primary diameter was
used here as an indication of prediction accuracy.
Table 5.11 shows a comparison between the diameter predicted by the three tsint
equations for TiO2, (which are given in Section 2.2.8) of the sintering time and
measured particle diameter (dBET). The comparison showed that by using the approach
of Johannessen et al. [76] the primary particle diameter was predicted within an
average discrepancy of 8%. At the same time, by using the sintering models of Kobata
et al. [69] and Seto et al. [75] the primary particle diameter was predicted within an
average discrepancy of 20% and 10%, respectively. Moreover, using the approach of
Johannessen et al. [76], the average discrepancy of the model prediction was not more
than 8% for the measured particle diameter (dTEM and dBET data) in all of the
experiments, but when using the sintering models of Kobata et al. [69] and Seto et al.
[75], the average discrepancy of the model prediction was around 20% and 18%,
respectively.
By comparing the discrepancy percent in both experimental characterization methods
(BET and TEM) and the model predicted primary particle diameter using any of the
tsint equations given in Section 2.2.8 (Equations 2.36 to 2.38), it can be seen that the
results were in line with those found in [130], in which the monodispersed model was
perfectly able to predict experimental data of the aerosol properties with an error of
20%.
The comparison in Table 5.11 shows that the sintering models by Johannessen et al.
[76] had a lower average error percent. This was consistent with the findings of
Torabmostaedi and Zhang [124], who suggested that the results obtained by
Johannessen et al. [76] were in very good agreement with their experimental data. It
is important to say that the model by Johannessen et al [76] represents the system
herein better than the other models, because by using tsint from Johannessen et al. [76]
the model herein predicted the experimental data with more accuracy than the other
models. For all of the above reasons, the equation of Johannessen et al [76] tsint
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(Equation number 2.37) was selected in this study to represent the sintering time term
in the differential equation given by Equation 2.25 in Chapter 2.
The error percentage as listed in Table 5.11, between the predicted particle diameter
using Equation (2.37) by Johannessen et al. [76], with respect to particle diameter from
BET, showed that it had inconsistent behavior. The inconsistency can be ascribed to
the particle diameter measured by using BET analysis. The Brunauer-Emmett-Teller
(BET) theory assumes that the particles are spherical, the same size (monodisperse),
and non-porous. The limitation of the BET method has been investigated in the
literature [131- 132]. It has been shown that, particle diameter calculated by BET
method (dBET) is highly sensitive to the pores sizes, and that the BET method tends to
systematically overestimate the geometric area as the pores sizes increased, and
underestimate for small pores. This behavior in BET analysis may cause inconsistency
in the discrepancy between the prediction and measured primary particle diameter.
The difference between the measured value from the BET surface area and the TEM
results was observed by Thiele et al. [78] and Akbari et al. [133]. They stated that this
was because of small parts of surfaces in combined particles (aggregates) that could
not be covered by the absorption gas in the BET analysis. The discrepancy percent for
the predicted particle diameter with respect to the TEM results in Table 5.11 was more
consistent because the particle sizes measured from the TEM images were more
reliable and reflected the actual size.
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dBET, nm
dTEM, nm
Predicted primary particles dp, nm
discrepancy %, with respect to dBET
discrepancy %, with respect to dTEM
Predicted primary particles dp
discrepancy %, with respect to dBET
discrepancy %, with respect to dTEM
Predicted primary particles dp
discrepancy %, with respect to dBET
discrepancy %, with respect to dTEM

Experiment No
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Using modelModel-Seto et
al. (1995) [75]

Using modelModel-Kobata et
al. (1991) [69]

Using modelJohannessen et
al. (2001) [76]

Measured
primary
particles, this
work

Table 5.11 Comparison between the calculated and measured final particle size for
all the experiments using three different characteristic sintering time models

1
9.1
9.3
10.0
9
7
7.5
-18
-21
8.5
-7
-9

2
12.9
13.8
14.8
14
7
11.1
-14
-19
12.8
-1
-7

3
10.3
11.4
12.3
19
8
9.1
-12
-20
10.5
2
-8

4
15.9
16.7
18.0
13
8
13.4
-16
-20
15.7
-1
-6

5
9.9
10.4
11.1
13
7
8.3
-16
-20
9.6
-19
-8

6

13.2

15.1

16.4

24

8

12.6

-5

-16

14.5

9

-4

7

11.8

12.9

13.9

17

8

10.3

-13

-20

12.1

2

-6

8

18.0

18.4

19.9

10

8

14.6

-19

-20

17.4

-4

-5

Table 5.11 (continued)
9

14.7

12.7

13.6

-7

7

9.6

-34

-24

11.2

-23

-11

10

21.2

20.0

21.6

2

8

15.7

-26

-22

18.5

-13

-8

11

19.0

15.3

16.6

-12

9

12.4

-35

-19

14.4

-24

-5

12

25.1

23.1

25.0

-1

8

19.0

-24

-18

22.3

-11

-4

13

15.6

14.2

15.2

-2

7

11.1

-29

-22

12.9

-17

-9

14

21.1

22.5

24.6

17

9

18.3

-13

-19

21.6

-12

-4

15

19.6

17.4

18.9

-3

9

14.3

-27

-18

16.6

-22

-5

16

26.3

25.5

28.4

8

11

22.3

-15

-9

25.8

-15

1

17

19.5

NA

18.9

-3

NA

14.8

-24

NA

17.0

-13

NA

18

18.2

18.4

19.7

8

7

15.5

-15

-16

17.8

-2

-3

19

13.9

14.4

15.6

12

8

10.1

-27

-15

11.6

-17

-4

20

16.6

17.2

18.6

13

8

12.3

-26

-11

14.0

-16

-2

21

14.4

14.6

15.9

10

9

11.1

-23

-12

11.7

-19

-3

22

15.8

17.5

18.9

19

08

13.8

-13

-9

15.8

00

-1

8

8

-20

-18

-18

-5

Average discrepancy %

5.7 Parametric Study
In this part, the effect of the operation parameters on the flame structure and the final
product properties will be examined using the validated Fluent and MATLAB code
results. There are important factors that need to be considered in doing so, as listed in
Tables 5.1 and 5.2.
5.7.1 Effect of the Nozzle Oxygen Pressure Drop at a High Oxygen Flowrate
The most critical part of the FSP process is the nozzle, since it plays a key role in
setting the spray properties. The developed approach by our laboratory [96] was used
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to adjust the nozzle throat gap size for a desired dispersion gas flowrate and pressure
drop. As the pressure drop was increased above a critical value, the gas velocity after
the nozzle throat increased to the speed of sound or higher. For a 2-phase external
mixing nozzle, high gas velocity around the capillary tube wall was essential to reduce
droplet diameter, based on Equation (2.1).
During this study, the effect of changing the oxygen dispersion pressure drop at a
flowrate of 10 L/min on the flame structure and the final product was examined in the
4 experiment pairs to produce pure TiO2, as shown in Table 5.12.

Table 5.12 Experimental pairs to compare the effect of the pressure drop at a high
oxygen flowrate
Experimental pairs, where the pressure

Dispersion

Theoretical

drop changed from

gas flowrate

production of

2 to 1 bar

(L/min)

TiO2, g/h

1

Exp. 01-05

10

06

2

Exp. 02-06

10

12

3

Exp. 03-07

10

12

4

Exp. 04-08

10

24

Pair
No.

In each pair, the operating parameters were kept constant, except for the oxygen
dispersion pressure drop, which was increased from 1 to 2 bar. Increasing the pressure
drop while maintaining other parameters at a constant value was performed by
decreasing the nozzle DR height (as explained in Section 5.2) to reduce the nozzle gap
size [96].
For all of the pairs, the cold run results without spray were obtained by reducing the
DR height from 2.43 to 2.37 mm, which resulted in an increase in the pressure drop
from 1 to 2 bar. The cold run results for each DR are presented as contours of the
pressure drop and gas velocity in Figure 5.28 for both DR heights.
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14
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P

V

V

4
7

(bar)
(m/s
)

Velocity Pressure
340
2.00
306
1.74
1.48
272
1.23
238
0.97
204
0.71
170
136
0.45
102
0.19
-0.07
68
-0.32
34
-0.58
0

Velocity Pressure
2.00
483
1.74
435
1.48
386
1.23
338
0.97
290
0.71
242
0.45
193
0.19
145
-0.07
97
-0.32
48
-0.58
0
(m/s) (bar)

HAB
0
(mm)

Figure 5.28 Fluent cold run predicted pressure drop (P) and gas velocity (V) at a
high oxygen flowrate
The results for each DR height in Figure 5.28 show the predicted pressure drop, where
changes from 2 to 1 bar, as a result of the increase in the nozzle gap size, led to the
reduction of the gas velocity around the wall of the capillary tube exit, from 230 to 210
m/s. The initial droplet (ID) diameter was calculated using Equation (2.1) at the
predicted gas velocity. The decrease in the pressure drop from 2 to 1 caused the initial
diameter to increase, as listed in Table 5.4. The initial diameters were used as the initial
droplet diameter in the hot run. The results for each experimental pair in Figure 5.29
show the hot run predicted pressure drop and gas velocity, as a result of the decrease
in the pressure drop from 2 to 1 bar.
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P
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EXP No 7
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Figure 5.29 Fluent hot run predicted pressure drop (P) and gas velocity (V). Contour
results in the experiments at 2 bar (on the left) and contour results in the experiments
at 1 bar (on the right)
The gas velocity obtained around the wall of the capillary tube in the hot run was
higher than that of the cold run results. It was found that the gas velocity around the
wall of the capillary tube exit increased from 230 m/s (cold run) to 316 m/s (hot run)
at 2 bars, and from 210 m/s (cold run) to 280 m/s (hot run) at 1bar. The difference
between the gas velocity for cold and hot runs may be explained by the gas expansion
produced by the combustion reactions. Figure 5.29 also shows that the gas velocity
above the capillary tube exit increased in the hot run because of the thermal expansion
generated from the main flame combustion. As a result of the increase in the velocity,
the droplet size diameter decreased in the hot run when compared to the cold run, and
a depiction showing the droplet size and distribution in the hot run is shown in Figure
5.30. For external mixing of the air-assisted atomizers, the relative velocity between
the liquid and atomization gas is a key factor that governs the atomization quality, as
this velocity has to be increased in order to decrease the ID size based on the change
in the gas velocity, as shown in Equation 2.1. The model results in Figure 5.30 show
that there were 2 improvements that occurred in the atomization process. The first was
a reduction of 9% in the droplet size, and the second was a 19% reduction in the
maximum droplet evaporation height. The first improvement was due to the increase
in the relative gas velocity by 1.1 times, as a result of doubling the pressure drop. The
second improvement came from the reduction in the droplet size and the increase in
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the negative pressure in the atomization zone. It is worth mentioning that the negative
pressure decreased the boiling point, and this led to the fast evaporation and reduction
in the maximum droplet evaporation height.

Figure 5.30 Fluent hot run predicted droplet diameter and maximum droplet
evaporation height. Contour results in the experiments at 2 bar (on the left) and
contour results in the experiments at 1 bar (on the right)
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In order to study the effect of the pressure drop on the vaporization process, Figure
5.31 and (Figures C.1 to C.3) in Appendix C present diagrams to show the evaporation
of the TTIP conversion improvement in the first pair and the other pairs respectively,
where the conversion started early with an increase in the pressure drop. This
improvement occurred due to the high pressure drop that was provided by better
mixing in the reaction zone, and the higher pressure drop reduced the atomization zone
by 1 to 5 mm, as shown above in Figure 5.30. The high pressure drop caused a
reduction in the reaction zone height by 1mm in the first experimental pair, and up to
5 mm in the other pairs (2, 3, and 4).

TTIP mass fraction, at 2 bars

TTIP mass fraction, at 1 bar

TTIP Mass Fraction

0.06
0.05

0.04
0.03
0.02

0.01
0
0

10

20
30
Height Above Burner (mm)

40

50

Figure 5.31 Fluent predicted axial distribution of the TTIP mass fraction when the
pressure drop increased from 1 to 2 bar, for the 1st pair
As a result of the reduction in the reaction zone height at a higher pressure, the flame
height was reduced as well, and as a result of the pressure drop in all of the
abovementioned experimental pairs, the measured flame height decreased by about 2
to 3 mm, as shown previously in Tables 5.7 and 5.8, and the model prediction showed
similar changes in the flame height.
Figure 5.32 shows an enlarged image of the temperature distribution for the 1st pair of
experiments. It shows the region in which the visible flame ended, at the visible flame
temperature given in Table 5.7. The intersection of the gas temperature (visible flame
temperature) with the Y-axis (the blue or green line) represents the height of the flame,
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which gave the height of the visible flame above the burner in the X-axis. From the
results in Figure 5.32, it is apparent that the change in the flame height was 3 mm. By
using the same method to predict the flame height for the other 3 experimental pairs,
it was found that the change was 3 mm for the 2nd pair and 2 mm for the 4th pair (see
Figure C-4 to Figure C-6).

Gas Temperature, T, (K)

T, at 2 bars

T, at 1 bar

1,340
1,330
3 mm
1,320
1,310

1,300
5

5.5
6
Visible Flame Height Above Burner (cm)

6.5

Figure 5.32 Fluent predicted visible flame height when the pressure drop increased
from 1 to 2 bar, for the 1st pair
The gas velocity in the FSP process followed 2 different behaviors in different regions
within the FSP domain [101]. Bellow the nozzle exit, the gas velocity depended only
on the oxygen dispersion pressure drop across the nozzle exit, whereas above it, it was
dependent on the evaporation and combustion rate of solvent/precursor droplets.
Moreover, at the height where the combustion process was complete, the gas velocity
started to decrease based on the flame cooling rate.
Figure 5.33 shows that the peak velocity increased by 12 m/s for the 1st pair. The
same trend in increasing the peak velocity for the 2nd, 3rd, and 4th pairs, respectively,
was 13, 14, and 18 m/s (see Figure C-7 to Figure C-9) when the pressure drop was
doubled. Despite the difference in the value of the increased peak velocity, the peak
velocity changed relatively by a value of 10% in all the pairs when the pressure drop
was doubled. The relative change concept is a description of the difference between 2
(measured or predicted) values resulting from changing a certain operating condition,
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and then the difference is divided into the value at the original operating condition,
and then finally, this number is converted into a relative change percentage.

V, at 1 bar
dc, at 1 bar

Gas Velocity, V, (m/s)
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200
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0
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Agglomerate Diameter,
dc (nm)

V, at 2 bars
dc, at 2 bars

60

Height Above Burner (cm)
Figure 5.33 Effect of the increase in the pressure drop from 1 to 2 bar on the average
predicted agglomerate collision diameter (dc) and the average predicted gas velocity
(V), for the 1st pair
The high-temperature zone was below the end of the visible flame and above the end
of the evaporation process zone. This zone was located below a HAB of 5.5 and 5.8
cm at pressure drops of 2 and 1 bar, respectively, as shown in Figure 5.32. As a result
of the gas velocity change in this zone, the residence time also changed, where the
predicted residence time decreased with an increasing pressure drop of 2 bar for the
1st pair, as shown in Figure 5.34 for the other pairs (see Figure C-10 to Figure C-12).
The same figure also showed that the sintering time increased with an increase in the
pressure drop. The low residence time for the particles that were in the hightemperature zone and high sintering time led to a reduction in the growth rate. The
decrease in the primary particle diameter, as a result of the decrease in growth rate,
can be seen in Figure 5.35.
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Figure 5.34 Effect of the change in the pressure drop from 1 to 2 bar on the
predicted tsint (left y-axis), and the predicted tresd (right y-axis), for 1st pair.
Figure 5.35 shows the effect of the pressure drop on the experimental and predicted
primary particle diameter for the first experimental pair by the model developed
herein, and the effect of the pressure drop on experimental pairs 2, 3, and 4, are shown
in (Figure C-13 to Figure C-15). The percent changes in the predicted primary particle
diameter in each pair, as a result of changing the pressure drop from 1 to 2 bar were
compared with the measured data in this work (dBET and dTEM), and are listed in Table
5.13.

Table 5.13 Effect of the pressure drop on the percent change in the primary particle
diameter in each pair at a high oxygen flowrate
Percent change in the primary particle
diameter, %
dBET

Pair 1
8

Pair 2
3

Pair 3
13

Pair 4
12

dTEM

10

9

12

9

dp, predicted

10

10

12

10
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By comparing the difference between the primary particle size changes in both
experimental methods and model prediction, it can be seen that the model was
perfectly able to predict experimental data of the aerosol properties with a 20%
discrepancy. This difference with the dBET was inconsistent, the reason was explained

T, at 1 bar
dp, at 1 bar
dBET, at 1 bar
dTEM, at 1 bar

T, at 2 bars
dp, at 2 bars
dBET, at 2 bars
dTEM, at 2 bars

4,000

12
10
8
6
4
2
0

3,000
2,000
1,000
0
0

10
20
30
40
Height Above Burner (cm)

50

Primary Particles Diameter,
dp (nm)

Gas Temperature, T, (K)

in Section 5.7.

60

Figure 5.35 Effect of the increase in the pressure drop from 1 to 2 bar on the average
predicted primary particle diameter (dp), the average predicted gas temperature (T),
dBET (symbol), and dTEM (symbol), for the 1st pair
The predicted results of the agglomerate diameter (dc) in Figure 5.33 for the 1st
experimental pair showed that the collision diameter (dc) decreased with the increase
in the pressure drop as a result of the decrease in the particle diameter (dp), as seen in
Figure 5.35, and the decrease in the primary particle per agglomerate (np), as seen in
Figure 5.36. The same behavior can be seen for the other experimental pairs by looking
at their relevant figures in Appendix C (Figures C.15 to C.18).
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Figure 5.36 Effect of the increase in the pressure drop from 1 to 2 bar on the average
predicted number of primary particles per agglomerate (np) and predicted TiO2 initial
monomer concentration (No), for the 1st pair

5.7.2 Effect of the Nozzle Oxygen Pressure Drop at a Low Oxygen Flowrate
In the 3 pairs of experiments to produce pure TiO2, the effect of changing the oxygen
dispersion pressure drop at a flowrate of 5 L/min on the flame structure and the final
product properties was examined. The pairs chosen to study the effect of the increase
in the pressure drop from 2.7 to 13 bar on the flame structure and the final product
properties are given in Table 5.14.
Table 5.14 Experimental pairs to compare the effect of the pressure drop at a low
oxygen flowrate
Pair
No.

Experimental pairs, where the
pressure drop changed from

Dispersion gas
flowrate L/min

13 to 2.7 bar

Theoretical
production of
TiO2, g/h

1

Exp. 10-14

5

12

2

Exp. 11-15

5

6

3

Exp. 12-16

5

24
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The results of the cold run without spray were obtained in all of the above pairs by
increasing the DR height from 2.28 to 2.31 mm, resulting in a drop in the pressure.
The results of the cold run for each DR are shown as pressure drop contours and gas
velocity for both DR heights in Figure 5.37. The results for each DR height in Figure
5.37 showed the expected decrease in the cold run pressure changes from 10 to 2.0 bar
as the nozzle gap size increased, resulting in a reduction in the gas velocity around the
capillary tube wall from 160 to 150 m/s.

2.7 bar

13 bar
P

V

P

V

Figure 5.37 Fluent cold run predicted pressure drop (P) and gas velocity (V) at a low
oxygen flowrate
The ID diameter at the predicted cold run gas velocity was determined using Equation
(2.1). In all of the experimental pairs, the decrease in the pressure drop from 13 to 2.7
caused the ID to increase, from 25 to 28 nm, 22 to 23 nm, and 26 to 30 nm in
experimental pairs 1, 2, and 3, respectively. The initial diameters in the cold run were
used as the ID in the hot run. The results for each pair of experiments in Figure 5.38
showed a decrease in the hot run predicted pressure and gas velocity as a result of a
drop in the pressure from 13 to 2.7 bar.
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Figure 5.38 Fluent hot run predicted pressure drop (P) and gas velocity (V). Contour
results in the experiments at 13 bar (on the left) and contour results in the
experiments at 2.7 bar (on the right)

When compared to the cold run, the gas velocity around the wall of the capillary tube
exit increased from 160 to 265 and 150 to 245 m/s, for the predicted hot run pressure
drop of 11.6 and 2.5 bar, respectively. As the relative velocity increased 1.08 times by
increasing the pressure drop 4 times. The reason behind the increase in the relative
velocity by 1.08 times via the increase in the pressure drop 4 times was because the
gas velocity at the nozzle throat decayed before it reached the capillary tube exit. The
gas velocity decay was higher under a low oxygen dispersion flowrate than that in the
case under a higher oxygen dispersion flowrate because the friction losses near the
nozzle wall increased with the decrease in the oxygen dispersion flowrate.
A diagram showing the droplet size and distribution in the hot run is shown in Figure
5.39. The model outcomes in Figure 5.39 indicated that the atomization process was
enhanced by reducing the maximum droplet evaporation height by 17%, as a result of
increasing the pressure drop by more than 4 times. Here, it was expected that the reason
related to the reduction in the maximum droplet evaporation height was the droplet
size reduction by 6%.
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Figure 5.39 Fluent hot run predicted droplet diameter and maximum droplet
evaporation height. Contour results in the experiments at 13 bar (on the left) and
contour results in the experiments at 2.7 bar (on the right)
Figure 5.40 demonstrates the evaporation height of the TTIP, where the formation of
the TTIP began early, and early decomposition into TiO2 gas with an increasing
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pressure drop, in order to study the effect of the pressure drop on the vaporization
process. This change occurred due to a high-pressure drop, which proved to be formed
better mixing in the reaction zone. A higher pressure drop also decreased the droplet
height (atomization zone) by 1 to 4 mm, as shown in Figure 5.39. The high-pressure
drop induced a reduction in the height of the reaction zone for pair 1 by value of 1 mm,
as shown in Figure 5.40. For the reduction in the reaction zone for the other 2 pairs
was in the range from 2 to 7 mm (see Figures D.1 and D.2 in Appendix D). This
reduction in the reaction zone in the studied pairs has a direct effect on the height of
the flame.
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Figure 5.40 Fluent predicted axial distribution of the TTIP mass fraction when the
pressure drop increased from 2.7 to 13 bar, for the 1st pair
As a result of the similarity in CED (19.3 kJ/ggas) values in experimental pairs the 1st
and 3rd pairs, the measured flame height changed by the same amount of 7 mm for the
1st and 3rd pairs, as shown in Table 5.10. As seen in Figure 5.41 for the 1st pair, the
model prediction showed a change of 7 mm in the flame height, while the model
prediction for the 3rd pair was 7 mm (see Figures D.3 and D.4 in Appendix D). While
experimental pair 2 had a different value for the CED 9.6 kJ/ggas, which made the flame
height for Experiment No. 15 had value of 75 mm, as listed in Table 5.8, and the model
prediction showed a flame height of 75 mm for Experiment No. 15 (see Figure D-2
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(a)). These results can be compared with results in the previous section, where, in the
case of an increase in the pressure drop from 1 to 2 bar (under a high oxygen dispersion
flowrate), the predicted flame height was reduced by 5% and it reduced by was 7%
when the pressure drop from 2.7 to 13 bar (under low oxygen dispersion flowrate),
which marked only an additional 2% reduction in flame height. The possible reasons
for the small reduction in flame height with the excessive increase in the pressure drop
under the different oxygen dispersion flowrates were comprised the following: first,
the maximum droplet evaporation height (in the case under a low oxygen dispersion
flowrate) was reduced by 2% less than in the other case, this was because the case
under a low oxygen dispersion flowrate has more relative gas velocity decay. The
second possible reason the precursor mixture boiling point (in the case under a low
oxygen dispersion flowrate) was decreased two times less than in the other case,
because of more negative pressure in the case of a low oxygen dispersion flowrate.
Both of the above reasons had a negative effect on the flame height.
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T, at 2.7 bars

Gas Temperature, T, (K)

1,500
1,490
1,480
1,470

7 mm

1,460
1,450
1,440
8.5

9
9.5
10
Visible Flame Height Above Burner (cm)

10.5

Figure 5.41 Fluent predicted visible flame height when the pressure drop increased
from 2.7 to 13 bar, for the 1st pair
Figure 5.42 below and Figures D.5 and D.6 (in Appendix D) show that the peak
velocity increased by 15 to 20 m/s when the pressure drop was increased from 2.7 to
13 bar in experimental the 1st and 3rd pairs, while it increased by 5 m/s in experimental
pair 2, because the CED was higher in experimental the 1st and 3rd pairs, when
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compared to experimental the 2nd pair. From the results above, it can be seen that all
of the pairs recorded a relative change in peak velocity close to the average of 20%,
when the pressure drop increased from 2.7 to 13 bar. This value was considerably
higher than the relative change in peak velocity during the increase of the pressure
drop from 1 to 2 bar, as given in the previous section. However, the increase in the
pressure drop from 2.7 to 13 bar did not result in a higher increase in the relative gas
velocity around the capillary tube exit wall when compared to the case when an
increase in the pressure drop from 1 to 2 bar. Furthermore, the relative change in the
peak velocity was increased by 2 times, because the peak velocity was directly affected
by the precursor mixture combustion. Accompanied by the better mixing between the
fuel and the oxygen in the reaction zone at higher pressure with low oxygen dispersion
flowrate, there was an observed increase in the efficiency of precursor mixture
combustion.
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Figure 5.42 Effect of the increase in the pressure drop from 2.7 to 13 bar on the
average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V), for the 1st pair
Figures 5.43 and D.4, D.7, and D.8 (in Appendix D) show the effect of the pressure
drop on the predicted sintering time, and the predicted residence time for experimental
the 1st, 2nd, and 3rd pairs. As an example, the 1st pair, in Figure 5.43, shows the
residence time decreased with an increase in the pressure drop as a result of an increase
183

in the gas velocity in the hot zone, where the hot zone was identified as lower than the
predicted flame height, as shown in Figure 5.41. Moreover, Figure 5.43 also shows
that the sintering time increased by decreasing the flame height. Figure 5.45 shows the
combination of the effect of the gas temperature and gas velocity on the growth of the
primary particles. By looking at the HAB in Figure 5.43, where the sintering time
became equal to the residence time, at this HAB, the coagulation rate became more
dominant in the particle surface area growth rate than in the sintering rate, which
caused a decrease in the growth of the particle diameter. As can be seen in Figure 5.43,
this HAB shifted to the right, from 10.3 to 10.8 cm, which was a very insignificant
change, when the pressure drop increased by 4 times. After this HAB, a sudden
increase in the sintering time was observed, which was 100 times more than that of the
residence time. This caused the particle diameter to stop growing at this height, as can
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Sintering Time, tsint, (ms)

be seen in Figure 5.45.
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Figure 5.43 Effect of the change in the pressure drop from 2.7 to 13 bar on the
predicted sintering time, tsint (left y-axis) and predicted residence time, tresd (right yaxis), for the 1st pair
The solution to the ordinary differential equation, which is shown in Equations (2.24)
to (2.26), was affected directly by the initial TiO2 monomer concentration (No). The
value of No was calculated based on Equation (2.36), and the effect on the predicted
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values of No resulting from the pressure drop is presented in Figure 5.44 and Figures
D.9 and D.10 (in Appendix D) for the 1st pair and the other pairs, respectively.
The results showed that there was a decrease in No by 1.2 times with an increase in the
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pressure drop.

60
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Figure 5.44 Effect of the increase in the pressure drop from 2.7 to 13 bar on the
average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial No, for the 1st pair

Figure 5.45 and in Figures D.11 and D.12 (in Appendix D) show the effect of the
pressure drop on the predicted and experimental primary particle diameter dBET and
dTEM. The percent change in primary particles as a result of the pressure drop increased
from 2.7 to 13 bar for experimental the 1st, 2nd, and 3rd pairs, as listed in Table 5.15.
Data from Table 5.13 can be compared with the data in Table 5.15, which shows that
the percent changes in the primary particle diameter were affected more when the
pressure drop was increased by 4 times. Table 5.15 also shows a 12% difference
between the model results and the experimental data from the dBET. Herein, the results
measured with the dBET did not support the hypothesis that the pressure drop must have
an impact on the particle size. In the Table 5.15, the percent change in the measured
primary diameter by the dBET was zero, with the increase in the pressure drop in the
1st pair. This listed percent change confirmed the inaccuracy of the dBET method in
some cases, as explained in Section 5.7. On the other hand, the comparison between
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the model results and the experimental data results from the dTEM showed good
agreement.
As a result of the decreasing dp, as in Figure 5.45, and decreasing np, as in Figure 5.44,
the predicted results of the agglomerate diameter (dc) in Figure 5.42 indicated that the
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dc decreased with an increase in the pressure drop.

60

Figure 5.45 Effect of the increase in the pressure drop from 2.7 to 13 bar on the
average predicted primary particle diameter (dp) and average predicted gas
temperature (T), dBET (symbol), and dTEM (symbol), for the 1st pair
Table 5.15 Effect of the pressure drop on the percent change in the primary particle
diameter at a low oxygen flowrate in each pair
Percent change in the primary
particle diameter, %
dBET

Pair 1
0

Pair 2
3

Pair 3
5

dTEM

11

12

9

dp, predicted

12

12

12

The study of the effect of increasing the nozzle pressure drop on the flame structure
and the final product properties in both cases of dispersion gas flow showed that
increasing the pressure from 1 to 2 bar led to an improvement in the atomization
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process due to the availability of a high gas velocity to disperse the droplets.
Additionally, increasing the pressure improved the combustion process by providing
strong mixing of the fuel with the oxygen in the reaction zone. Each of the previously
mentioned changes led to a decrease in the flame height and a reduction in the hightemperature zone, which led to an increase in the sintering time. The increase in the
pressure drop caused an increase in the gas velocity within the high-temperature zone,
which resulted in a reduction in the residence time of the particles inside of the hightemperature zone. The modeling results and the experimental primary particle
diameter showed that the increase in the pressure drop from 1 to 2 bar reduced the
primary particle diameter by 10% due to the decrease in the residence time and
increase in the sintering time.
The increase in the pressure drop from 2.7 to 13 bar caused a decrease in the primary
particle diameter by 12%, and despite the excessive increase in pressure, only an
additional 2% reduction in the primary particle diameter was observed when compared
with a lower-pressure drop increase (1 to 2 bar). This mean that there is no point in
increasing the pressure drop to more than 2 bars.
The results of the effect of the pressure drop showed the gas velocity at the nozzle
throat decayed before reaching the outer wall of the capillary tube. For example, the
gas velocity at the nozzle throat decayed from 483 to 230 m/s at the outer wall of the
capillary tube at a pressure drop of 2 bar, as shown on the left in Figure 5.28.
In order to improve the atomization process by minimizing the velocity decay, it will
be necessary to modify the existing nozzle in the future, by replacing the existing
capillary tube with one that has a shorter extension. In their study, Madler et al. [11]
reported that the main far-field features of the jet were independent of the nozzle
pressure drop, and major differences were found only in the core region, close to the
nozzle exit, and the ratio of the core region height (CRH) to the nozzle hydraulic
diameter (HD) should be less than 7. The nozzle hydraulic diameter herein comprised
the difference between the inside diameter of the air cap opening and the outside
diameter of the capillary tube. Accordingly, the nozzle hydraulic diameter was 0.3 mm
and the capillary ended 2.17 mm above the nozzle throat, and the ratio of the CRH/HD
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was 7.2. This may have explained why the gas velocity at the nozzle throat decayed
before reaching the outer wall of the capillary tube.
The future advantage of reducing the capillary tube exit height (CTEH) to 0.5 mm is
reducing the gas velocity decay, as shown in the simulation results using the developed
model for (Experiment No. 2) at 2 bars under cold conditions. The comparison
between the predicted gas velocity at capillary tube exit height of 2.17 mm and gas
velocity at capillary tube exit height of 0.5 mm, with the same DR height of 2.37 mm,
as well as keeping the other operation conditions the same, is shown in Figure 5.46.
The results showed that the gas velocity at the outer wall of the capillary tube increased
from 230 to 313 m/s when the capillary tube exit height was reduced from 2.17 to 0.5
mm. This increase in the gas velocity improved the atomization process, as well as the
final product properties. Moreover, the other expected advantage was reducing the
capillary tube blockage by increasing the negative pressure at the capillary tube exit,
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-0.32
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CTEH =2.17 mm
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338
290
242
193
145
97
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0
(m/s)

CTEH =0.5 mm

7

CTEH =0.5 mm

14

CTEH =2.17 mm

as shown in Figure 5.46, on the right.

Figure 5.46 Effect of the increase in the capillary tube exit height from 0.5 to 2.17
mm on the gas velocity (V) left contour and gas pressure (P) (on the right)
5.7.3 Effect of the Precursor Concentration
To study the effect of the increase in the liquid precursor concentration on the flame
structure and the final product properties, 3 pairs of experiments were performed to
produce pure TiO2. The experimental pairs were selected to study the effect of the
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liquid precursor concentration on the flame structure and the final product properties,
comprising 2 experiments in each pair, as listed, and sorted by their values of
combustion enthalpy density (CED), in Table 5.16.
Table 5.16 Experimental pairs to compare the effect of the precursor concentration
Experimental pairs, where the
Pair No

precursor concentration
increased from:

Combustion
enthalpy
density
kJ/ggas

Theoretical
production of
TiO2, g/h

4.8

6–12

1

0.5 to 1.0 M
Exp. 01-03

2

Exp. 05-07

4.8

6–12

3

Exp. 13-15

9.7

6–12

In each pair of experiments, the operating parameters were kept constant, except for
the liquid precursor concentration, which was doubled in value from 0.5 to 1.0 M. The
profiles of the gas temperature and gas velocity were affected as a result of this
increased concentration, thereby changing the product size parameters, as shown in
the Figures below.
Figure 5.47 shows the height of the disappearance of the droplets and droplet diameter
distribution, where the maximum droplet evaporation height increased by an average
of 30% when the concentration was increased from 0.5 to 1.0 M in all of the
experimental pairs.
The precursor concentration had a direct effect on the physical properties of the
precursor mixture. Table 5.17 shows the physical properties of the precursor mixture
at 0.5 M and 1.0 M precursor concentrations, which were prepared based on the
physical properties of precursor components [123-124]. As revealed in Equation (2.1),
the initial droplet size increased by 6% as a result of the physical property changes of
the precursor mixture (viscosity, surface tension, and density) when the concentration
was doubled under constant pressure drop and constant gas flowrate. The maximum
droplet evaporation height increased as a result of increasing the mass fraction of the
TTIP-liquid in the precursor mixture, which caused evaporation to occur later when
the concentration was doubled. There were some reasons for the delay in the
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evaporation. First, the increase in the precursor mixture boiling point, which was
calculated to be about 416 K, pointed to the case for 0.5 M, and 433 K for 1.0 M
precursor concentration (the normal boiling point of TTIP-liquid is 505 K, for ibutanol-liquid it is 390 K, and for propionic acid it is 414 K) [123– 124]. Second, the
increase in the droplet size caused the increase in the maximum droplet evaporation
height. Finally, the increase in the amount of the accumulation of metal-organic
precursor at the droplet surface during combustion, which increased the resistance to
heat and mass transfer between the solvent droplets and the surrounding gas, thus
reduced the droplet evaporation [134].

Precursor concentration, M

TTIP-in the precursor mixture
wt.%

i-butanol-in the precursor
mixture wt.%

Propionic acid -in the precursor
mixture wt.%

Surface tension, αmix (mN m-1)

Viscosity, µmix (kg s-1 m-1)

Mixture density, ρmix (kg m-3)

Mass rate, mmix (kg s-1)

Table 5.17 Effect of the precursor concentration on the precursor physical properties

0.5

0.16

0.50

0.34

2.424.10-02

2.115.10-03

882

3.6748.10-05

1

0.32

0.40

0.28

2.400.10-02

2.522.10-03

896

3.7316.10-05
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Figure 5.47 Fluent hot run predicted droplet diameter and maximum droplet
evaporation height. Contour results in the experiments at 0.5 M precursor
concentration (on the left) and contour results in the experiments at 1.0 M precursor
concentration (on the right)
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Figure 5.48 reveals the model predictions in the cases with a low CED in pair 1. It
shows that the increase in the precursor concentration caused increases in the position
of the TTIP mass fraction in the gas phase, which reached zero, where it completely
decomposed. The effect of the precursor concentration on TTIP decomposition
position for the other pairs is shown in Figures E.1 and E.2 (in Appendix E). The effect
of the increased precursor concentration was observed for the flame height, where the
measured flame height changed by 4 mm, and 10 mm for pairs 1, and 3, respectively
as shown in Table 5.10. also, the model predicted the change in the flame height by 4
and 9 mm, for pairs 1 and 3, respectively, as shown in Figure 5.49 for pair 1, and in
Figures E.3 and E.4 (in Appendix E). The most significant observation of these results
was that the change of the flame height increased with the increase in the combustion
enthalpy density values.
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Figure 5.48 Fluent predicted axial distribution of the TTIP mass fraction with
changes in the precursor concentration from 0.5 to 1.0 M precursor concentration, for
the 1st pair
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Gas Temperature, T, (K)
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Figure 5.49 Fluent predicted visible flame height when the precursor concentration
increased from 0.5 to 1.0 M precursor concentration, for the 1st pair
Based on the model predicted and experimental results about the flame height
mentioned above, the following observation was made: the increased precursor
concentration caused a different change in the flame height in each pair. This change
was maximum in experimental pair 3 due to the higher CED values, as shown in Table
5.16.
In Figure 5.50 for the first pair, it can be seen that there was an insignificant effect of
the increase in the precursor concentration on the gas velocity because of constant
pressure drop and consequently insignificant change in the droplet ID. The same trend
was observed for the other pairs as shown in Figures E.5 and E.6 (in Appendix E). The
insignificant change of the gas velocity caused the insignificant change of the
residence time as shown in Figure 5.51 for 1st pair, and in Figures E.7 and E.8 (in
Appendix E) for the other pairs.
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Figure 5.50 Effect of the increase in the precursor concentration from 0.5 to 1.0 M
precursor concentration on the average predicted agglomerate collision diameter (dc)
and average predicted gas velocity (V), for the 1st pair
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Height Above Burner (cm)
Figure 5.51 Effect of the increase in the precursor concentration from 0.5 to 1.0 M
precursor concentration on the predicted sintering time, tsint (left y-axis) and the
predicted residence time, tresd (right y-axis), for the 1st pair
Turning now to the effect of the precursor concentration on the TiO2 initial monomer
concentration (No), which increased directly with the precursor concentration. Figure
5.52 for the 1st pair shows that the predicted (No) increased by 1.8 times, and for the
194

other pairs, the increase by 1.9, and 2 times for experimental pairs 2, and 3,
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respectively (see Figures E.9 and E.10 in Appendix E).
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Figure 5.52 Effect of the increase in the precursor concentration from 0.5 to 1.0 M
precursor concentration on the predicted average predicted the number of primary
particles per agglomerate (np) and predicted TiO2 initial monomer concentration (No),
for the 1st pair
Figure 5.53 shows the growth of primary particles diameter reaches the constant value
at same HAB in both concentrations for pair 1, at about 6.5 cm HAB, and Figure 5.51
shows that the residence and sintering time have the same value at this HAB.
In conclusion, viewing both the predicted and experimental work, the results showed
that the TiO2 initial monomer concentration (No) increased by doubling the
concentration, which caused an increase in the primary particle diameter, as seen in
(Figure 5.53) for the 1st pair and other pairs, as seen in Figures E.11 and E.12 (in
Appendix E). Table 5.18 shows the comparison between the percent errors of the
model predictions and experimental results where the TEM results and the model
prediction results show that there is a good agreement between the dTEM and the model
predicted primary particles.
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Table 5.18 Effect of the precursor concentration on the percent change in the
primary particle diameter in each pair
Percent change in the primary
particle diameter, %
dBET

Pair 1
13

Pair 2
20

Pair 3
25

dTEM

22

24

23

dp, predicted

23

25

24

Figure 5.50 shows the effect of doubling the precursor concentration on the
agglomerate diameter in the 1st pair (for the other pairs, see appendix E). As given in
Equation (2.29), the agglomerate diameter (dc) was in direct proportion to dp and to
the number of primary particles per agglomerate (np) power to 1/3. For the 1st pair, the
value of np was decreased from 650 to 550, as shown in Figure 5.52. This decrease
was due to the higher primary particle size in the agglomerate. The increase in the
primary particle diameter by 24% and the decrease in the np by 15% resulted in a 16%
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dTEM, at 1.0 M
15.0

T, at 0.5 M
dp, at 0.5 M
dBET, at 0.5 M
dTEM, at 0.5 M

4,000
3,000

10.0

2,000
5.0

1,000
0

0.0

0

10

20
30
40
Height Above Burner (cm)

50

60

Primary Particles Diameter,
dp (nm)

Gas Temperature, T, (K)

increase in the dc.

Figure 5.53 Effect of the increase in the precursor concentration from 0.5 to 1.0 M
precursor concentration on the predicted average primary particle diameter (dp), the
average predicted gas temperature (T), dBET (symbol), and TEM (symbol), for the 1st
pair
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It can be concluded that doubling the production rate of while keeping the nanoparticle
size in a desired range (10–12 nm) was possible by doubling the precursor
concentration at a low CED (4.8 kJ/g gas).
5.7.4 Effect of the Precursor Flowrate
The effect of increasing the precursor flowrate on the flame structure and the final
product properties was studied during the production of pure TiO2. Herein, 2 sets of
experiments were selected to study the effect of the precursor flowrate on the flame
structure and the final product properties. The 1st set consisted of 4 experimental pairs,
where the liquid precursor solution feed rate through the nozzle ranged from 2.5 to 5
mL/min under the constant oxygen dispersion flowrate of 10 L/min resulting in TiO2
production rates from 6 to 24 g/h, while keeping the other parameters constant in each
pair. The 2nd set consisted of 3 experimental pairs, where the liquid precursor solution
feed rate through the nozzle ranged from 2.5 to 5 mL/min under the constant oxygen
dispersion flowrate of 5 L/min resulting in TiO2 production rates from 6 to 24 g/h,
while keeping the other parameters constant in each pair. The experimental pairs were
selected to study the effect of the precursor flowrate on the flame structure and the
final product properties. Two experiments were performed for each pair, as listed,
which were sorted using the values of the desired theoretical production at the oxygen
dispersion flowrate given in Table 5.19.
Table 5.19 Experimental pairs to compare the effect of the precursor flowrate
Experimental pairs,
Set No

Pair No

where the precursor
flow increased from
2.5 to 5 mL/min

Set 1

Set 2

Dispersion gas
flowrate,
L/min

Theoretical
production
of TiO2,
g/h

1

Exp. 01-02

10

6-12

2

Exp. 05-06

10

6-12

3

Exp. 07-08

10

12-24

4

Exp. 03-04

10

12-24

5

Exp. 11-12

05

12-24

6

Exp. 13-14

05

6-12

7

Exp. 15-16

05

12-24
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As can be seen in Figure 5.54, the maximum droplet evaporation height (where the
evaporation completed) increased by increasing the precursor flowrate from 2.5 to 5
mL/min in the 1st set by 5, 4, 5, and 5 mm for experimental pairs 1, 2, 3 and 4,
respectively. Moreover, the maximum droplet evaporation height was increased by
increasing the precursor flowrate from 2.5 to 5 mL/min in the 2nd set by 9, 7, and 12
mm for experimental pairs 5, 6, and 7, respectively, as shown in Figure 5.55. The
reason that some of the pairs (1, 2, 3, and 4) showed less of a change in the values of
the maximum droplet evaporation height can be attributed to two reasons. First, those
pairs had a higher GMLR, as given in Table 5.1, thus resulting in the atomization to a
smaller droplet diameter, as given in Table 5.4. Second, those pairs had higher
momentum (more oxygen dispersion flow), thus resulting in the suspension of more
liquid.
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Figure 5.54 Fluent hot run predicted droplet diameter and maximum droplet
evaporation height for the 1st set of experiments at different precursor flowrates
.
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Figure 5.55 Fluent hot run predicted droplet diameter and maximum droplet
evaporation height for the 2nd set of experiments at different precursor flowrates
As a result of the increased precursor flowrate, the profiles of the gas temperature and
gas velocity had an effect on the product characteristics, as shown in Figures 5.56
through 5.61 for the experimental and model prediction results for set 1 of the 1st pair,
as shown in Table 5.19. The figures that show the experimental and model prediction
results for the other pairs can be seen in Figures F.1 to F.36 (in Appendix F).
Some important factors in Table 5.1 were used to explain the effects of increasing the
precursor flowrate from 2.5 to 5 mL/min in the FSP process. The higher precursor
flowrate was seen to increase the HAB at which the TTIP decomposed, as seen in
Figure 5.56 for pair 1. The same effect was seen for the pairs in sets 1 and 2, as shown
in Figures F.1 to F.6 in (in Appendix F).

200

TTIP mass fraction, at 2.5 mL/min

TTIP mass fraction, at 5.0 mL/min

TTIP Mass Fraction

0.10
0.08
0.06
0.04
0.02
0.00
0

10

20
30
Height Above Burner (mm)

40

50

Figure 5.56 Fluent predicted axial distribution of the TTIP mass fraction with a
change in the precursor flowrate from 2.5 to 5 mL/min, for the 1st pair
This increase in the liquid feed rate from 2.5 to 5 mL/min decreased the GLMR to half.
This reduced the efficiency of mixing between the fuel and oxygen resulting in the
later decomposition of the TTIP above the burner. In the context of the effect of
precursor flowrate, it should be noted that increasing the precursor flowrate twice
decreased the GLMR, causing twice as much of an increase in the enthalpy input into
the spray in each pair, as shown in Table 5.1. This prolonged the time for fuel
combustion because of the higher amount of fuel supplied to flame, resulting in longer
flames for both set 1 and set 2, as presented in Figure 5.57 for pair 1 in set 1, and in
Figures F.7 to F.12 (in Appendix F) for the other pairs. The comparison between the
values of increase in the measured flame height and the predicted values of increase in
the flame height are shown in Table 5.20. As shown in this Table, some of the pairs
(5, 6, and 7) showed more decline in the predicted and measured flame height, because
those pairs, had more enthalpy input into the spray than the other pairs when doubling
precursor. However, all of the pairs had a flame height increase by the same
percentage, at around 45%. For example, in the 1st pair, the relative change in the
flame height was 45% (which was calculated by the declining value divided by the
original flame height) when doubling the precursor flowrate.
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Table 5.20 Effect of the precursor flowrate changes on the flame height in each pair
Changes in the
flame height
Measured in
this work
(a picture of the
visible flame),
mm.

Pair 1

Pair 2

Pair 3

Pair 4

Pair 5

Pair 6

Pair 7

25

25

NA

24

NA

30

35

25

25

25

24

35

31

34

Predicted flame
height in this
work, mm.

T, at 2.5 mL/min

T, at 5.0 mL/min

Gas Temperature, T, (K)

1,420
1,400
1,380
1,360
1,340
1,320

25 mm

1,300
5

6
7
8
Visible Flame Above Burner (cm)

9

10

Figure 5.57 Fluent predicted visible flame height when the precursor flowrate
increased from 2.5 to 5 mL/min, for the 1st pair
In both of the experimental sets in Table 5.19, the predicted gas velocity distribution
followed the same behavior as in Figures 5.58 for pair 1 and Figures F.13 to F.18 (in
Appendix F) for the other pairs. Increasing the precursor flowrate decreased the gas
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velocity because more liquid had to be accelerated by the same dispersion gas flow.
At a certain HAB, the gas velocity followed the opposite behavior and increased with
an increase in the precursor flowrate, which indicated that most of the droplets had
evaporated at this point. Since most of the droplets had evaporated, more liquid
evaporation caused an increase in the gas velocity when the liquid flowrate is
increased. These results reflected those of Pratsinis et al. [85], who also found that the
gas velocity decreased with an increase in the liquid flowrate, because the same
momentum of the constant flowrate of dispersion gas suspended more liquid. To
investigate the variation in the gas velocity at different precursor flowrate values, the
gas velocity distributions were plotted, as shown in Figure 5.58 and (Figures F-13 to
F-18) for other pairs, which represents the peak velocity increasing by 7%, 7%, 9%
and 10% when the precursor flowrate was increased from 2.5 to 5 mL/min for
experimental pairs 1, 2, 3 and 4, respectively, while the peak velocity increased by
10%, 19% and 19% when the precursor flowrate was increased from 2.5 to 5 mL/min
for experimental pairs 5, 6, and 7, as shown in Figure 5.58 and (Figures F-13 to F-18)
for other pairs, respectively. The reason for the different increasing amounts between
the pairs can be explained as follows: pairs 1, 2, 3, and 4 in Table 5.19 used 10 L/min
of O2 dispersion gas to carry the liquid, while pairs 5, 6, and 7 used 5 L/min. This led
to different momentum being provided in some of the pairs, and for this reason, some
of the pairs were more sensitive to the amount of gas/liquid. Moreover, the difference
in the peak velocity, which decreased in pair 5, had less of a decrease in the velocity
because it had a higher pressure drop, of 13 bar, and this high pressure drop resulted
in more momentum.
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Figure 5.58 Effect of the increase in the precursor flowrate from 2.5 to 5 mL/min on
the average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V), for the 1st pair
The evolution of the primary particle diameter as a function of the precursor flowrate
is illustrated in Figure 5.59 for pair 1, and this evaluation for other pairs is shown in
Figures F.19 to F.24 (in Appendix F).
The evolution of the average primary particle diameter can be described by coagulation
and sintering as in gas-fed flame aerosol reactors, as was described in detail in Chapter
2. The change in the particle surface area increased as a result of the coagulation rate
(first term on the right) and decreased as a result of the sintering rate (second term on
the right) in Equation (2.25), while the change in the volume increased as a result of
the coagulation rate (first term on the right) in Equation (2.26). The primary particle
diameter (dp) is the ratio of the volume to the surface area, as given in Equation (2.32).

204

4,000

T, at 5.0 mL/min
dp, at 5.0 mL/min
dBET, at 5.0 mL/min
dTEM, at 5.0 mL/min

20

3,000

15

2,000

10

1,000

5

0

0
0

10

20
30
40
Height Above Burner (cm)

50

Primary Particles Diameter,
dp (nm)

Gas Temperature, T, (K)

T, at 2.5 mL/min
dp, at 2.5 mL/min
dBET, at 2.5 mL/min
dTEM, at 2.5 mL/min

60

Figure 5.59 Effect of the increase in the precursor flowrate from 2.5 to 5 mL/min on
the average predicted primary particle diameter (dp), average predicted gas
temperature (T), dBET (symbol), and dTEM (symbol), for the 1st pair
To understand the effect of the increase in the precursor flowrate on the primary
diameter, the predicted sintering time, using the diffusion coefficient of Johannessen
et al. [76], are shown in Figure 5.60 for pair 1, and the predicted sintering time for the
other pairs are shown in Figures F.25 to F.31 (in Appendix F). In those figures, sintering
time tsint (left y-axis) and the predicted residence time, tresd (right y-axis) at 2.5, (blue
line), and 5 (green line) L/min. As a result of increasing the precursor flowrate from
2.5 (corresponding to 6 g/h of TiO2) to 5 (12 g/h of TiO2) mL/min, the flame height
increased, as seen in Figure 5.57 and the gas velocity increased, as seen in Figure 5.58,
and the sintering time became equal to the residence time at a HAB of 6 and 9 cm, as
shown in Figure 5.60, respectively. After this HAB, the sintering time became much
higher when compared with the residence time (where the coagulation rate was higher
than the sintering rate). This caused the value in the second term on the right in
Equation (2.25) to approach zero, because the change in the surface area using
Equation (2.25) became equal to the change in the volume in Equation (2.26), which
resulted in a constant particle diameter after a HAB of 6 and 9 cm, for 2.5 and 5
mL/min, as shown in Figure 5.59, respectively. It can be concluded that at a low
precursor flow rate, the sintering rate was dominant in the high temperature zone that
was <6 cm, and then the coagulation rate became dominant in the low temperature
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zone at >6 cm. By doubling the precursor flow rate, the sintering rate was the dominant
rate, with an increase in the HAB of up to <9 cm in the primary particle diameter, from
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10 nm to 15 nm, as shown in Figure 5.59.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Height Above Burner (cm)
Figure 5.60 Effect of the increase in the precursor flowrate from 2.5 to 5 mL/min on
the predicted sintering time, tsint (left y-axis) and the predicted residence time, tresd
(right y-axis), for the 1st pair
Table 5.21 shows the percent changes in the predicted and experimental primary
particle diameter in each pair as a result of the precursor flowrate increasing from 2.5
to 5 mL/min in all of the studied pairs. When the TEM results were compared to the
BET results, they were more consistent and closer to the model predictions. The
differences between the percent changes in the predicted and experimental primary
particle diameter were generally in line with the expected level of the monodispersed
model, which was able to predict the experimental data of the aerosol properties within
20% discrepancy [127].
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Table 5.21 Effect of the precursor flowrate changes on the percent change in the
primary particle diameter in each pair

dBET
dTEM
dp, predicted

Percent change in the primary particle diameter, %
Pair 1 Pair 2 Pair 3 Pair 4 Pair 5
Pair 6
41
54
52
33
41
34
48
46
42
52
59
45
48
46
43
43
62
48

After discussing the effect of the precursor flowrate on the primary particle diameter,
now there is a need to discuss its effect (precursor flowrate) on number of primary
particles per agglomerate (np) shown in Figure 5.61 for pair 1, and for the other pairs
shown in (Figures F-31 to F-36). Figure 5.61 shows the evolution of the number of
primary particles per aggregate, np, which was predicted using the flame temperature
profile (Figure 5.59), velocity (Figure 5.58), and initial monomer concentration (No)
(Figure 5.61).
The np value is given in Equation (2.35) as the ratio between the area and the volume.
The np value varied in all of the pairs at the two regions of the flames. For example, in
the first pair, np = 1 in the 1st region in the high-temperature zone (HAB <6 cm, for
2.5 mL/min and HAB <9 cm, for 5 mL/min), where the sintering rate was higher than
the coagulation rate; therefore, all of the particle diameters were between the monomer
diameter and final primary particle diameter. In the 2nd region, np >1 after the hightemperature zone (HAB >6 cm, for 2.5 mL/min and HAB >9 cm, for 5 mL/min) of the
flame, the temperature decreased (coagulation rate was higher than the sintering rate).
The predicted np at the glass fiber filter decreased from 650 to 280, while the primary
particle diameter increased from 10 to 15 nm when the precursor flow increased from
2.5 to 5 mL/min, respectively. This, therefore, had a direct effect, by a factor of 0.96
on the collision agglomerate diameter according to Equation (2.34), as shown in Figure
5.58 and Figures F.13 to F.18 (in Appendix F). The average predicted agglomerate
collision diameter (dc) was affected insignificantly by increasing the precursor flow
from 2.5 to 5 mL/min due to it decreased by a decrease (np) and it increased by increase
dp, according to Equation (2.29).
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Figure 5.61 Effect of the increase in the precursor flowrate from 2.5 to 5 mL/min on
the average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial monomer concentration (No), for the 1st pair
The results in this section showed that doubling the precursor flowrate in a controlled
manner would double the production rate without sacrificing the nanoparticle quality.
GLMR, residence time, and the nozzle pressure drop should be controlled to keep the
nanoparticle size in a desired range.
5.7.5 Effect of the Ambient Air Entrance to the Chamber
One set of experiments was performed to study the effect of the ambient air inflow
into the combustion chamber on the flame structure and the final product properties by
leaving a 10-mm gap for the burner chamber connections (the lift-off distance, LOD).
The set consisted of Experiment No. 18 and Experiment No. 22, under the same
operation conditions, except for the LOD, which was 0 in Experiment No. 18 (closed),
and with a 10-mm opening in Experiment No. 22 (open). The profiles of the gas
temperature and gas velocity were affected by the LOD, and in turn, changed the flame
structure and the final product properties as well, and illustrated in Figures 5.62 to
5.69.
Figure 5.62 shows the predicted maximum droplet height of complete evaporation,
marking a 4 mm drop in evaporation height when the chamber was partially open. This
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is due to the increase in the heat of combustion energy available to vaporize the
precursor by letting more oxygen into the chamber, which will be discussed shortly.

Figure 5.62 Fluent hot run predicted droplet diameter and maximum droplet
evaporation height. Contour results in the experiments at a LOD of 0 mm (on the
left) and contour results in the experiments at a LOD of 10 mm (on the right)
The local equivalence ratio (LEQR) concept was explained in Section 5.3. The
combustion is fuel-rich if the LEQR is <1, and fuel-lean if the LEQR is >1. Figure
5.63 shows that the combustion was fuel-rich in the closed system until the end of the
domain, while the combustion reached fuel-lean conditions a short distance above the
burner, at about 20 mm, in the partially open system. Because the opening LOD
provided more oxygen from the surrounding air to complete combustion, this led to a
higher peak temperature. As shown in Figure 5.64, one can clearly see the higher peak
temperature (4,450 K) with the partially open system when compared with (3,500 K)
in the closed system. In both cases, the closed system and the partially open system,
the temperature began to decrease due to the fuel consumption, depending on the
availability of oxygen, and this behavior continued up to a HAB of 10 cm. When the
HAB was >10 cm, the temperature behavior changed. The gas temperature with a
partially open chamber became colder compared to the closed chamber until the end
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of the domain, indicating that no more fuel existed at this height, and extra oxygen
cooled the flame after 10 cm. From this position forward, the gas temperature
depended on the gas entrainment rate. Figure 5.64 shows the temperature reaching 700
K (at a HAB of 25 cm) for the partially open reactor with (LOD 10 mm). By decreasing
the LOD to 0 mm, in other words closing the chamber, the temperature value at the
same position was 770 K. Figure 5.64 also shows the temperature dropping to 225 ℃
(at a HAB of 60 cm) for the partially open reactor with (LOD 10 mm), which was in
line with the design temperature (230 ℃) in the case of a partially open system (LOD
10 mm), as was shown in Figure 4.5-b.
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Figure 5.63 Comparison of predicted LEQR at a LOD of 0 mm and 10 mm

210

5,000

T, at partially open system
dp, at partially open system
dBET, at partially open system
dTEM, at partially open system
25.0

4,000

20.0

3,000

15.0
2,000
10.0

1,000
0

Primary Particles
Diameter, dp (nm)

Gas Temperature, T, (K)

T, at closed system
dp, at closed system
dBET, at closed system
dTEM, at closed system

5.0
0

10

20
30
40
Height Above Burner (cm)

50

60

Figure 5.64 Effect of the increase in the LOD from 0 to 10 mm on the predicted
average primary particle diameter (dp), average predicted gas temperature (T), dBET
(symbol), and dTEM (symbol)
Figure 5.65 shows that increasing the LOD led to an early decomposition of the TTIP
above the burner due to the higher flame temperature, and caused a decrease in the
predicted flame height, as presented in Figures 5.66, where the predicted flame height
decreased by 2 mm and the measured flame height decreased by 2 mm, as given in
Tables 5.8 and 5.9.
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Figure 5.65 Fluent predicted axial distribution of the TTIP mass fraction with a
change in the LOD from 0 to 10 mm
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Figure 5.66 Fluent predicted visible flame height when LOD is changed from 0 to 10
mm
Figure 5.67 shows that the peak gas velocity increased with the increasing value of
LOD because the increase in the amount of air to burn the fuel caused the gas to expand
more. At the same time, Figure 5.68 shows the effect of keeping the LOD at the value
of 10 mm on the TiO2 initial monomer concentration (No), where the No decreased 1.3
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Figure 5.67 Effect of the change in the LOD from 0 to 10 mm on the average
predicted agglomerate collision diameter (dc) and average predicted gas velocity (V).
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Figure 5.68 Effect of the increase in the LOD from 0 to 10 mm on the average
predicted number of primary particles per agglomerate (np) and predicted TiO2 initial
monomer concentration (No)
By partially opening the chamber, the TiO2 initial monomer concentration (No)
decreased, as well as the particle residence time in the flame, as shown in Figure 5.69.
Moreover, the sintering time increased after reaching a HAB of 9.2 cm when the LOD
increased from 0 to 10 mm, causing the primary particle diameter to reach the final
value early, as shown in Figure 5.64. With regard to the change in the No, the residence
time and the sintering time consequently led to smaller primary nanoparticle diameters.
The results in Figure 5.64 show that the predicted primary particle diameter reduced
by 4%, while the dTEM experimental measurement diameter showed that the primary
particle diameter reduced by 5%, which indicated the success of the model.
The effect of using different chamber openings on agglomerate diameter is shown in
Figure 5.67. By partially opening the chamber, the insignificant increase in the np, as
shown in Figure 5.68, resulted in an insignificant decrease in the dc, as shown in Figure
5.67.
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Figure 5.69 Effect of the increase in the LOD from 0 to 10 mm on the predicted
sintering time, tsint (left y-axis) and the predicted residence time, tresd (right y-axis)
5.8 Summary of the Findings
One aim of this chapter was to validate the simulation model results when compared
with the experimental measurements. The major finding was that by considering the
effects of the radiation exchange between the nanoparticles and the gas phase, the error
was reduced to 7%, 10%, and 4% in thermocouples 1, 2, and 3. The results of the
model validation study showed that the model was able to predict the measured
primary particle diameter within an average discrepancy of 8%.
The biggest shortcoming of the model was the inconsistent results during modeling
some of the experiments, which resulted from the strategy followed during the building
of the applied model. The modeling strategy in this study considered two stages of
calculation. The first stage of calculations was developed using Fluent, and then the
Fluent results from the first stage were input into MATLAB code to solve the
differential ordinary equation sequentially in the second stage.
Using a MATLAB code sequentially with Fluent caused errors in predictions
nanoparticle size due to the inaccuracies in the determination of the droplet
evaporation height and initial monomer concentration determination. In order to
reduce error, the typical approach is coupling solid formation code with Fluent through
user-defined functions, which means the solution of the differential equations for the
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particle formation simultaneously in Fluent. By using the coupling method, the effect
of particle formation is accounted, hence, there won't be any need to set the initial
conditions of the aerosol model based on the determined droplet evaporation height
and initial monomer concentration. Moreover, this will reduce the time needed to
transfer data for the calculation of the absorption coefficient and the calculation of the
particle growth.
In the applied model herein, the solid formation code was solved sequentially with
Fluent, which was the main drawback of this model. Despite of the drawback of this
model, it is still worthy of application in specific cases, such as when fewer
programming skills are required. Nanoparticle size predictions by our approach was
still successful with an approximately 8% discrepancy between the predictions and the
experimental measurement (the maximum discrepancy was 27% for 1 experiment).
Moreover, this chapter set out with the aim of investigating the effects of the most
important process parameters while increasing the production rate, without sacrificing
the product quality. It was found that the GLMR, energy input into the flame,
dispersion gas pressure drop across the nozzle tip, cooling rate and the particle
residence time were the most important parameters to keep the size of the nanoparticles
in a desired range.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

The general objective of the current study was to design and manufacture a wellcontrolled flame spray pyrolysis reactor with the ability to produce up to 100 g/h of
high-quality nanomaterials (100 g/h CeO2, or equivalent to 75 g/h of ZrO2 or 35 g/h of
TiO2). The CFD package, Ansys Fluent, along with MATLAB code, were used for the
simulation and design of the reactor. The specific objectives of this study were to lower
the simulation computation time without sacrificing the accuracy, with a suitable
selection of numerical schemes in the simulation of FSP, and also consider the effect
that the nanoparticles had on the flame temperature in FSP process. The CFD model
was developed to simulate the FSP process, and the accuracy of the results was
confirmed by comparing them with the experimental results published in previous
studies, with an accuracy of 80%. A new reactor was designed at the Atilim university
Reaction Engineering and Combustion Research Laboratory using the developed CFD
model, and during this design, optimization was made between several options to
produce 18 to 100 g/h of CeO2 nanomaterials with a primary particle diameter in the
range of 12 to 21 nm.
Throughout the manufacturing and installation of the new design, it was necessary to
improve the accuracy of the CFD model and find a solution to solve the problem of
the high computational time of the CFD model, which comprised 51 h for 1 simulation
case. CFD were improved using the COUPLED algorithm settings in Fluent to solve
the pressure velocity coupling, and the (SST) k-ω model to represent the turbulence
instead of the realizable k-ε model. The improved CFD model was in good agreement
with the experimental results, with a maximum absolute error of 8%, 30%, and 5% for
the primary particle diameter, agglomerate diameter, and temperature, respectively.
Moreover, the computational time was reduced by 96% using the COUPLED
algorithm.
After installing the newly manufactured FSP, experiments were performed to produce
TiO2, and the observations during the tests showed that the new system utilized 72%
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of the designed capacity. In addition, simulation using the improved CFD model was
conducted for those experiments. The results showed that the average error was 24%
between the CFD model prediction temperature and thermocouple readings. This error
was decreased by considering the effect of the heat loss from the flame to the
nanoparticle during the modeling. The theory of the radiation heat transfer between
the flame and the formed carbon (soot formed during combustion) was adapted to
consider the effect of the radiation heat loss from the flame to nanoparticles here. The
CFD model was validated against the experimental and published data. The CFD
prediction temperature and thermocouple readings showed that the average error for
all of the experiments was reduced from 24% to 7%. Moreover, the average
discrepancy was 8% between the CFD model predicted primary particle diameter and
the measured primary particle diameter.
Simulation results showed that the new FSP system was able to produce TiO2 at a rate
of 6 to 24 g/h, with a production yield on the filter paper of 88% and 84%, respectively,
while keeping the primary particle diameter between 9 and 28 nm, by doubling the
liquid flowrate from 2.5 to 5 mL/min.
This study can be considered as the foundation for several further studies to be
conducted in the “Reaction Engineering and Combustion Research Laboratory of
Atilim University” in the future, such as:
•

Replacing the filtering system with the bag house system to ensure the
attainment of the designed capacity.

•

Developing a full picture of the FSP process. Additional studies will be needed
to investigate the effect of using a 3D modeling geometry on the atomization,
vaporization and solid formation processes.

•

The study was limited by the lack of information about the precursor property
details and the chemical reaction kinetics. More information about the details
of the chemical reaction kinetics would help to establish a greater degree of
accuracy on this matter.

It was also concluded that, using a MATLAB code sequentially with Fluent caused
errors in predicting nanoparticle size due to the inaccuracies in the determination of
the droplet evaporation height and initial monomer concentration. Efforts will be made
to solve the aerosol model for the calculation of the particle growth simultaneously
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with the Fluent model through user-defined functions leading to the improvement of
the nanoparticle size predictions.
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APPENDIX A

EFFECTIVE ABSORPTION COEFFICIENTS IN THE RADIATION MODEL
The determination of the effective absorption (asg) coefficient takes into account the
effect of both gas and nanoparticle radiation. For gas radiation, CO2 and H2O are the
most important radiating species in hydrocarbon flames. The inclusion of nanoparticle
radiation can reduce the temperature in FSP process.
The following expression is used to calculate asg for solid and gas mixture in units
(m-1)
n

ags = ∑ CiTi
0

where:
Ci is the polynomial coefficients constant listed in table A-1, Ti is flame temperature,
K, n is degree of polynomial.
These curve fits were generated for temperatures between 600K to 2,400 K and
between 2,400K to 3,000 K, for each experiment, and the coefficient data listed in the
next table.
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Table A.1 Polynomial coefficients generated from the calculated effective
absorption coefficients for each experiment
Ci
EXP
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Temperature
range, K
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000

n

i=0

i=1

i=2

i=3

i=4

4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3
4
3

1.2.10-2
1.3.10-6
1.3.10-2
1.0.10-6
1.4.10-2
3.1.10-7
1.6.10-2
4.5.10-7
1.2.10-2
1.3.10-6
1.3.10-2
1.0.10-6
1.4.10-2
3.1.10-7
1.6.10-2
4.5.10-7
1.3.10-2
-3.3.10-6
1.4.10-2
-3.1.10-6
1.4.10-2
9.0.10-7
1.6.10-2
1.3.10-6
1.2.10-2
9.2.10-7
1.4.10-2
-3.1.10-6
1.4.10-2
9. 0.10-7
1.6.10-2
1.3.10-6
1.4.10-2
-4.8.10-7
1.6.10-2
5.9.10-7
2.6.10-3
3.1.10-6
2.5.10-3
3.0.10-6

7.4.10-3
2.7.10-3
9.9.10-3
5.1.10-3
1.0.10-3
5.4.10-3
1.5.10-3
9.5.10-3
7.4.10-3
2.7.10-3
9.9.10-3
5.1.10-3
1.0.10-3
5.4.10-3
1.5.10-3
9.5.10-3
8.3.10-3
3.6.10-3
9.8.10-3
5.0.10-3
1.3.10-3
5.4.10-3
1.5.10-3
9.5.10-3
7.5.10-3
2.8.10-3
9.8.10-3
5.0.10-3
1.0.10-3
5.4.10-3
1.5.10-3
9.5.10-3
9.9.10-3
5.0.10-3
1.5.10-3
9.6.10-3
1.2.10-3
2.1.10-3
1.4.10-3
3.8.10-3

-5.8.10-6
-2.3.10-7
-6.6.10-6
-4.9.10-7
-6.6.10-6
-3.6.10-7
-7.8.10-6
-6.1.10-7
-5.8.10-6
-2.3.10-7
-6.6.10-6
-4.9.10-7
-6.6.10-6
-3.6.10-7
-7.8.10-6
-6.1.10-7
-6.2.10-6
-3.3.10-7
-6.6.10-6
-4.1.10-7
-6.6.10-6
-4.3.10-7
-7.8.10-6
-6.2.10-7
-5.9.10-6
-2.9.10-7
-6.6.10-6
-4.1.10-7
-6.6.10-6
-4.3.10-7
-7.8.10-6
-6.2.10-7
-6.6.10-6
-3.9.10-7
-7.9.10-6
-6.6.10-7
-1.2.10-6
-8.2.10-9
-1.2.10-6
5.6.10-9

2.7.10-9
3.0.10-11
3.1.10-9
6.1.10-11
3.1.10-9
4.2.10-11
3.6.10-9
7.4.10-11
2.7.10-9
3.0.10-11
3.1.10-9
6.1.10-11
3.1.10-9
4.2E-11
3.6.10-9
7.4.10-11
2.9.10-9
3.6.10-11
3.1.10-9
4.6.10-11
3.1.10-9
5.5E-11
3.6.10-9
7.7.10-11
2.7.10-9
3.3.10-11
3.1.10-9
4.6.10-11
3.1.10-9
5.5.10-11
3.6.10-9
7.7.10-11
3.1.10-9
4.1.10-11
3.7.10-9
8.2.10-11
5.3.10-10
5.7.10-14
5.6.10-14
-2.7.10-12

-4.4.10-13
---------5.1.10-13
---------5. 0.10-13
---------6.0.10-13
---------4.4.10-13
---------5.1.10-13
---------5.1.10-13
---------6.0.10-13
---------4.8.10-13
---------5.1.10-13
---------5.1.10-13
---------6.0.10-13
---------4.5.10-13
---------5.1.10-13
---------5.1.10-13
---------6.0.10-13
---------5.1.10-13
---------6.1.10-13
---------8.8.10-14
---------9.2.10-14
---------
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Table A.1 (continued)
Ci
EXP
No
21
22

Temperature
range, K
600 to 2,400
2,400 to 3,000
600 to 2,400
2,400 to 3,000

n

i=0

i=1

i=2

i=3

i=4

4
3
4
3

2.6.10-3
3.1.10-6
2.4.10-3
3.0.10-6

1.2.10-3
2.1.10-3
1.5.10-3
3.8.10-4

-1.2.10-6
-8.2.10-9
-1.2.10-6
5.6.10-9

5.4.10-10
5.8.10-14
5.9.10-10
-2.7.10-12

-8.8.10-14
---------9.6.10-14
---------
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APPENDIX B

MODEL PREDICTION OF THE GAS TEMPERATURE, AND A PICTURE
OF THE VISIBLE FLAME

Presented are the numerical and experimental results of the gas temperature profile,
where the radiation heat transfer from the flame to the solid particle was considered.
The results presented in this Appendix for all experiments are given in Section 5.5
Chapter 5.

Figure B.1 Comparison for Experiment No.1: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)
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Figure B.2 Comparison for Experiment No. 3: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)

Figure B.3 Comparison for Experiment No. 5: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)
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Figure B.4 Comparison for Experiment No. 7: contour of the gas temperature (on the
left)

Figure B.5 Comparison for Experiment No. 2: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)
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Figure B.6 Comparison for Experiment No. 4: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)
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Figure B.7 Comparison for Experiment No. 6: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)
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Figure B.8 Comparison for Experiment No. 8: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)

Figure B.9 Comparison for Experiment No. 9: contour of the gas temperature (on the
left), and a picture of the visible flame (on the right)
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Figure B.10 Comparison for Experiment No. 11: contour of the gas temperature (on
the left)

Figure B.11 Comparison for Experiment No. 13: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.12 Comparison for Experiment No. 15: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)

Figure B.13 Comparison for Experiment No. 17: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.14 Comparison for Experiment No. 18: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.15 Comparison for Experiment No. 19: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)

239

200

160

120
100
80

50
40

HAB

HAB
0
(mm)

(mm)

0

Figure B.16 Comparison for Experiment No. 20: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.17 Comparison for Experiment No. 21: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.18 Comparison for Experiment No. 22: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
200

160

120
100
80

50
40

HAB

HAB
0
(mm)

(mm)

0

Figure B.19 Comparison for Experiment No. 10: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.20 Comparison for Experiment No. 12: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.21 Comparison for Experiment No. 14: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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Figure B.22 Comparison for Experiment No. 16: contour of the gas temperature (on
the left), and a picture of the visible flame (on the right)
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APPENDIX C

EFFECT OF THE NOZZLE OXYGEN PRESSURE DROP AT A HIGH
FLOWRATE

The numerical and experimental results presented in this Appendix are for the
second, third, and fourth pair from Section 5.7.1 Chapter 5.

TTIP mass fraction, at 2 bars

TTIP mass fraction, at 1 bar
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Figure C.1 Fluent predicted axial distribution of the TTIP mass fraction when the
pressure drop increased from 1 to 2 bar for the second pair
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Figure C.2 Fluent predicted axial distribution of the TTIP mass fraction when the
pressure drop increased from 1 to 2 bar for the third pair
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Figure C.3 Fluent predicted axial distribution of the TTIP mass fraction when the
pressure drop increased from 1 to 2 bar for the fourth pair
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Figure C.4 Fluent predicted visible flame height when the pressure drop increased
from 1 to 2 bar for the second pair
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Figure C.5 Fluent predicted visible flame height when the pressure drop increased
from 1 to 2 bar for the third pair
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Figure C.6 Fluent predicted visible flame height when the pressure drop increased
from 1 to 2 bar for the fourth pair
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Figure C.7 Effect of the increase in pressure drop from 1 to 2 bar on the average
predicted agglomerate collision diameter (dc) and average predicted gas velocity (V),
for the second pair
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Figure C.8 Effect of the change in pressure drop from 1 to 2 bar on the average
predicted agglomerate collision diameter (dc) and average predicted gas velocity (V),
for the third pair
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Figure C.9 Effect of the change in pressure drop from 1 to 2 bar on the average
predicted agglomerate collision diameter (dc) and average predicted gas velocity (V),
for the fourth pair
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Figure C.10 Effect of the change in pressure drop from 1 to 2 bar on the predicted
sintering time, tsint (left y-axis) and the predicted residence time, tresd (right y-axis),
for the second pair
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Figure C.11 Effect of the change in pressure drop from 1 to 2 bar on the predicted
sintering time, tsint (left y-axis) and the predicted residence time, tresd (right y-axis),
for the third pair
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Figure C.12 Effect of the change in pressure in drop from 1 to 2 bar on the predicted
sintering time, tsint (left y-axis) and the predicted residence time, tresd (right y-axis),
for the fourth pair
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Figure C.13 Effect of the increase in pressure drop from 1 to 2 bar on the average
predicted primary particle diameter (dp), average predicted gas temperature (T), dBET
(symbol), and dTEM (symbol), for the second pair
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Figure C.14 Effect of the increase in pressure drop from 1 to 2 bar on the average
predicted primary particle diameter (dp), average predicted gas temperature (T), dBET
(symbol), and dTEM (symbol), for the third pair
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Figure C.15 Effect of the increase in pressure drop from 1 to 2 bar on the average
predicted primary particle diameter (dp), average predicted gas temperature (T), dBET
(symbol), and dTEM (symbol), for the fourth pair
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Figure C.16 Effect of the increase in pressure drop from 1 to 2 bar on the average
predicted number of primary particles per agglomerate (np) and predicted TiO2 initial
monomer concentration (No), for the second pair
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Figure C.17 Effect of the increase in pressure drop from 1 to 2 bar on the average
predicted number of primary particles per agglomerate (np) and predicted TiO2 initial
monomer concentration (No), for the third pair
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Figure C.18 Effect of the increase in pressure drop from 1 to 2 bar on the average
predicted number of primary particles per agglomerate (np) and predicted TiO2 initial
monomer concentration (No), for the fourth pair
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APPENDIX D

EFFECT OF THE NOZZLE OXYGEN PRESSURE DROP AT A LOW
FLOWRATE
The numerical and experimental results presented in this Appendix are for the second
and the third pair from Section 5.7.2 Chapter 5.

TTIP mass fraction, at 13 bars

TTIP mass fraction, at 2.7 bars

TTIP Mass Fraction

0.12

0.10
0.08
0.06
0.04
0.02
0.00
0

10

20
30
Height Above Burner (mm)

40

50

Figure D.1 Fluent predicted axial distribution of the TTIP mass fraction when the
pressure drop increased from 2.7 to 13 bar, for the second pair
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Figure D.2 Fluent predicted axial distribution of the TTIP mass fraction when the
pressure drop increased from 2.7 to 13 bar, for the third pair
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Figure D.3 Fluent predicted visible flame height when the pressure drop increased
from 2.7 to 13 bar, for the second pair
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Figure D.4 Fluent predicted visible flame height when the pressure drop increased
from 2.7 to 13 bar, for the fourth pair, for the third pair
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Figure D.5 Effect of the increase in pressure drop from 2.7 to 13 bar on the average
predicted agglomerate collision diameter (dc) and average predicted gas velocity (V),
for the second pair
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Figure D.6 Effect of the increase in pressure drop from 2.7 to 13 bar on the average
predicted agglomerate collision diameter (dc) and average predicted gas velocity (V),
(b) for the third pair
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Figure D.7 Effect of the increase in pressure drop from 2.7 to 13 bar on the predicted
sintering time, tsint (left y-axis) and the predicted residence time, tresd (right y-axis),
for the second pair
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Figure D.8 Effect of the increase in pressure drop from 2.7 to 13 bar on the predicted
sintering time, tsint (left y-axis) and the predicted residence time, tresd (right y-axis),
for the third pair
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Figure D.9 Effect of the increase in pressure drop from 2.7 to 13 bar on the average
predicted number of primary particles per agglomerate (np) and predicted TiO2 initial
monomer concentration (No), for the second pair
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Figure D.10 Effect of the increase in pressure drop from 2.7 to 13 bar on the average
predicted number of primary particles per agglomerate (np) and predicted TiO2 initial
monomer concentration (No), for the third pair
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Figure D.11 Effect of the increase in pressure drop from 2.7 to 13 bar on the average
predicted primary particle diameter (dp) and average predicted gas temperature (T),
dBET (symbol), and dTEM (symbol), for the second pair
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Figure D.12 Effect of the increase in pressure drop from 2.7 to 13 bar on the average
predicted primary particle diameter (dp) and average predicted gas temperature (T),
dBET (symbol), and dTEM (symbol), for the third pair
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APPENDIX E

EFFECT OF THE PRECURSOR CONCENTRATION

The experimental and numerical results for pairs no 2 and 3 in Section 5.7.3 chapter
5 are presented below.
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Figure E.1 Fluent predicted axial distribution of the TTIP mass fraction with
changes in the precursor concentration from 0.5 to 1.0 M precursor concentration for
the second pair
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Figure E.2 Fluent predicted axial distribution of the TTIP mass fraction with
changes in the precursor concentration from 0.5 to 1.0 M precursor concentration for
the third pair
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Figure E.3 Fluent predicted visible flame height when the precursor concentration
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Figure E.4 Fluent predicted visible flame height when the precursor concentration
increased from 0.5 to 1.0 M precursor concentration for the third pair
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Figure E.5 Effect of the increase in precursor concentration from 0.5 to 1.0 M
precursor concentration on the average predicted agglomerate collision diameter (dc)
and average predicted gas velocity (V), for the second pair
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Figure E.6 Effect of the increase in precursor concentration from 0.5 to 1.0 M
precursor concentration on the average predicted agglomerate collision diameter (dc)
and average predicted gas velocity (V), for the third pair
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Figure E.7 Effect of the increase in precursor concentration from 0.5 to 1.0 M
precursor concentration on the predicted sintering time, tsint (left y-axis) and the
predicted residence time, tresd (right y-axis), for the second pair
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Figure E.8 Effect of the increase in precursor concentration from 0.5 to 1.0 M
precursor concentration on the predicted sintering time, tsint (left y-axis) and the
predicted residence time, tresd (right y-axis), for the third pair
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precursor concentration on the average predicted number of primary particles per
agglomerate (np) and predicted TiO2 initial monomer concentration (No), for the
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Figure E.10 Effect of the increase in precursor concentration from 0.5 to 1.0 M
precursor concentration on the average predicted number of primary particles per
agglomerate (np) and predicted TiO2 initial monomer concentration (No), for the third
pair
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Figure E.11 Effect of the increase in precursor concentration from 0.5 to 1.0 M
precursor concentration on the predicted average primary particle diameter (dp),
average predicted gas temperature (T), dBET (symbol), and dTEM (symbol), for the
second pair
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Figure E.12 Effect of the increase in precursor concentration from 0.5 to 1.0 M
precursor concentration on the predicted average primary particle diameter (dp),
average predicted gas temperature (T), dBET (symbol), and dTEM (symbol), for the
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APPENDIX F

EFFECT OF THE PRECURSOR FLOWRATE

The figures here are for experimental and numerical results for pairs no 2, 3, 4, 5, 6,
and 7 in Section 5.7.4 Chapter 5.
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Figure F.1 Fluent predicted axial distribution of the TTIP mass fraction with
a change precursor flowrate from 2.5 to 5 mL/min for pair 2
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Figure F.2 Fluent predicted axial distribution of the TTIP mass fraction with a
change precursor flowrate from 2.5 to 5 mL/min for pair 3
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Figure F.3 Fluent predicted axial distribution of the TTIP mass fraction with
a change precursor flowrate from 2.5 to 5 mL/min for pair 4
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Figure F.4 Fluent predicted axial distribution of the TTIP mass fraction with a
change precursor flowrate from 2.5 to 5 mL/min for pair 5
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Figure F.5 Fluent predicted axial distribution of the TTIP mass fraction with a
change precursor flowrate from 2.5 to 5 mL/min for pair 6
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Figure F.6 Fluent predicted axial distribution of the TTIP mass fraction with a
change precursor flowrate from 2.5 to 5 mL/min for pair 7
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Figure F.7 Fluent predicted visible flame height when the precursor flowrate
increased from 2.5 to 5 mL/min for pair 2
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Figure F.8 Fluent predicted visible flame height with a change precursor flowrate
from 2.5 to 5 mL/min for pair 3
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Figure F.9 Fluent predicted visible flame height with a change precursor flowrate
from 2.5 to 5 mL/min for pair 4
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Figure F.10 Fluent predicted visible flame height with a change precursor flowrate
from 2.5 to 5 mL/min for pair 5
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Figure F.11 Fluent predicted visible flame height with a change precursor flowrate
from 2.5 to 5 mL/min for pair 6
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Figure F.12 Fluent predicted visible flame height with a change precursor flowrate
from 2.5 to 5 mL/min for pair 7
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Figure F.13 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V) for pair 2
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Figure F.14 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V) for pair 3
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Figure F.15 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V) for pair 4
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Figure F.16 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V) for pair 5
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Figure F.17 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V) for pair 6
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Figure F.18 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted agglomerate collision diameter (dc) and average predicted gas
velocity (V) for pair 7
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Figure F.19 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted primary particle diameter (dp), average predicted gas temperature
(T), dBET (symbol), and dTEM (symbol) for pair 2
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Figure F.20 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted primary particle diameter (dp), average predicted gas temperature
(T), dBET (symbol), and dTEM (symbol) for pair 3
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Figure F.21 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted primary particle diameter (dp), average predicted gas temperature
(T), dBET (symbol), and dTEM (symbol) for pair 4
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Figure F.22 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted primary particle diameter (dp), average predicted gas temperature
(T), dBET (symbol), and dTEM (symbol) for pair 5
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Figure F.23 Effect of the increased precursor flowrate from 2.5 to 5 mL/min
on the average predicted primary particle diameter (dp), average predicted gas
temperature (T), dBET (symbol), and dTEM (symbol) for pair 6
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Figure F.24 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted primary particle diameter (dp), average predicted gas temperature
(T), dBET (symbol), and dTEM (symbol) for pair 7
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Figure F.25 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
predicted sintering time, tsint (left y-axis) and the predicted residence time, tresd (right
y-axis) for pair 2
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Figure F.26 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
predicted sintering time, tsint (left y-axis) and the predicted residence time, tresd (right
y-axis) for pair 3
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Figure F.27 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
predicted sintering time, tsint (left y-axis) and the predicted residence time, tresd (right
y-axis) for pair 4
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Figure F.28 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
predicted sintering time, tsint (left y-axis) and the predicted residence time, tresd (right
y-axis) for pair 5
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Figure F.29 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
predicted sintering time, tsint (left y-axis) and the predicted residence time, tresd (right
y-axis) for pair 6
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Figure F.30 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
predicted sintering time, tsint (left y-axis) and the predicted residence time, tresd (right
y-axis) for pair 7
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Figure F.31 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial monomer concentration (No) for pair 2
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Figure F.32 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial monomer concentration (No) for pair 3
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Figure F.33 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial monomer concentration (No) for pair 4
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Figure F.34 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial monomer concentration (No) for pair 5
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Figure F.35 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial monomer concentration (No) for pair 6
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Figure F.36 Effect of the increased precursor flowrate from 2.5 to 5 mL/min on the
average predicted number of primary particles per agglomerate (np) and predicted
TiO2 initial monomer concentration (No) for pair 7
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APPENDIX G

PARTICLE COUNT USING "IMAGEJ 1.52 V" SOFTWARE

Figure G.1 TEM picture of the TiO2 nanoparticles collected at glass fiber filter for
Experiment No. 18

Figure G.2 Counted particle size distribution for Experiment No. 18
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Figure G.3 TEM picture of the TiO2 nanoparticles collected at glass fiber filter for
Experiment No. 19

Figure G.4 Counted particle size distribution for Experiment No. 19
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Figure G.5 TEM picture of the TiO2 nanoparticles collected at glass fiber filter for
Experiment No. 20

Figure G.6 Counted particle size distribution for Experiment No. 20
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