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Abstract

The description of TiO, synthesis in TiCly flames is most often based on phenomenological models that
qualitatively reproduce experimental trends in terms of final production but they do not provide chemical
insights into the actual kinetic pathways. Alternatively, thermodynamically-consistent detailed TiCly
oxidation kinetics are available. However, since they have been developed under dry conditions they
still need to be challenged and validated when employed for flame synthesis where the presence of water
molecules may potentially activate TiCly hydrolysis. To derive accurate chemical descriptions for TiO;
flame synthesis, it is essential to evaluate the possible contribution of TiCls hydrolysis. For this, numerical
simulations of TiO; flame synthesis in laminar flames are performed in this article using different chemical
descriptions for TiCly conversion into TiO,. Detailed oxidation kinetics neglecting hydrolysis are shown
to predict an extremely slow formation of TiO, particles in flames when O, concentration is small. As a
consequence, a significant underestimation of the conversion yield is observed compared to experimental
evidences and to trends deduced from phenomenological models. To correct this behaviour, a new scheme
is proposed by combining a detailed oxidation kinetics with a five-reaction mechanism describing the first
steps of TiCly hydrolysis. Conversion of TiCly is found to be faster and more efficient with this new
combined scheme, leading to log-normal particle size distributions in agreement with the experimental
data for nanoparticles flame synthesis.

1 Introduction

Among the different techniques that are being used to produce nanoparticles, flame synthesis has received
considerable attention because it allows large-scale production at low-cost of nanoparticles, with properties
that may be controlled by suitably selecting flow configurations, flame structures and operating conditions
[1-3]. The case of titanium dioxide synthesis is considered in the present article because it is generic, raises
fundamental issues and has practical importance [4, 5]. Although flame synthesis only covers a small part
of the worldwide market for pigmentary TiO, [6], it represents a promising alternative for the industrial
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production of nanoparticles with specific properties, possibly leading to the creation of new materials with
interesting characteristics. For this, an understanding of the combustion process leading to TiO; particles
is clearly needed to optimize the corresponding flame system. However, the chemical pathways of this
process are not well understood. In general, the two main pathways considered for TiCls conversion into
TiO; are oxidation and hydrolysis corresponding to the following global reactions:

e oxidation: TiCly + O — TiO; + 2Cl,
* hydrolysis: TiCly + 2H,0O — TiO, + 4HCI.

The relative contribution of these processes are today not clearly quantified due to the lack of detailed ex-
perimental data. Most studies focus on the size distributions, particle shape and phase composition of final
products [[7-13], but give little insight on the conversion kinetics. Few experiments provide estimates of
TiCly consumption rate 12} 14, 15] or normalised particle size distributions (PSD) [[16}|17]], but under dry
conditions, where hydrolysis is absent. However, the role of hydrolysis compared to oxidation is expected
to be significant in some configurations and under certain operating conditions. In specific, one expects
that hydrolysis will not occur when conversion is carried out under dry conditions, such as an externally
heated furnace where titanium oxide particles will be formed by TiCly oxidation. On the contrary, flame
synthesis implying hydrocarbon combustion will naturally yield water vapor so that hydrolysis of TiCly is
expected to contribute to TiO, formation. However, the contribution of TiCly hydrolysis during TiO; flame
synthesis is still not clear. From the experimental point of view, it is difficult to discriminate the hydrolysis
from the oxidation pathway. However, it is worth noting that in the 1980’s many combustion experiments
were carried out using TiCly as a diagnostic tool to visualize flame front [[18, 19], where H,O is generated.
In the corresponding publications, it was commonly admitted that the TiCls precursor would react with the
water vapor in the flame front almost instantaneously allowing its visualization by detecting the laser light
scattered by the TiO; solid particles. From a numerical point of view, Heine and Pratsinis [20]] considered
both oxidation and hydrolysis pathways to investigate the effect of TiCl4 concentration on the characteristics
of the final TiO, agglomerates. However, since the two paths were not considered in combination, it is not
possible to know whether hydrolysis or oxidation dominated. Thermodynamic calculations of Akhtar et
al. [21] for reactor furnaces showed that the oxidation process is dominant when the water vapor concen-
tration is low. At the same time, recent thermodynamic data show that hydrolysis should be considered in
flames since concentrations of hydrogen-containing species are not negligible [22]].

Overall, experimental evidences and numerical data indicate that, in order to dispose of an accurate
kinetic description for TiO, formation valid both in dry conditions and in flames, both oxidation and
hydrolysis of TiCly should be accounted for to quantify their respective contributions to TiO; synthesis.
In literature, two main approaches exist to describe the kinetic modeling of TiO, production from TiCly
decomposition, but none of them described hydrolysis. The first relies on state-of-the-art phenomeno-
logical models developed by fitting the reaction parameters to reproduce experimental data, such as the
TiCly consumption rate [[14]]. The second employs detailed kinetic schemes for TiCly oxidation under dry
conditions consistent with thermodynamic equilibrium theory [23| 24]. These detailed models have been
considered for the simulation of TiO, turbulent flame synthesis [25, 26] but the absence of hydrolysis
pathways is expected to have an impact on their predictions that needs to be quantified.

As a first step toward a better description of combustion processes in TiO; synthesis, the first objective
of this work is to account for hydrolysis in Section [2.1| by adding to a detailed oxidation scheme a five-
step reaction mechanism for TiCly hydrolysis, in analogy with the recent works performed for titanium
tetraisopropoxide (TTIP) flames [27, 28]]. Then, the second objective is to examine the role of hydrolysis
on laminar flame synthesis of TiO, nanoparticles by evaluating the possible inaccuracies of a kinetic
mechanism when only TiCly oxidation is considered. For this, the performances of the new model are
evaluated in Sec. [3] in four configurations including a furnace reactor, a 1-D laminar freely-propagating
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premixed flame, a counterflow diffusion flame and a 2-D nonpremixed co-flow flame. Due to the limited
availability of experimental data in such canonical test cases, the performances of the detailed oxidation
model and of the new model are evaluated in terms of global quantities, such as the conversion yield, in
comparison with results derived from the phenomenological description, which is widely used to simulate
TiO; synthesis in dry conditions and flames seeded with TiCly. Experimental data are also considered
when available. Conclusions drawn in Section |4 also include perspectives and in particular point out the
need for experiments that will not only focus on final products but that would also provide information on
the evolution of Ti-species.

2 Modeling TiO, synthesis in flames seeded with TiCl,

Conversion of TiCly precursor species in flames produces titanium oxide solid particles containing from
several tens to several thousands of Ti atoms. Liquid TiCly is classically used in applications but, for
simplicity, it is convenient in this work to consider operating conditions that guarantee a prevaporized state
for TiCly, i.e. an initial temperature higher than its evaporation temperature 7 = 410 K. In the following,
TiCly flames will stand for methane flames seeded with gaseous TiCly. To describe them, different
submechanisms have to be included for gaseous and solid phases, which are schematically represented in
Fig.|ll For the gaseous phase, the kinetic description has to account for three blocks: methane oxidation,
TiCly conversion into TiO; and chlorination of methane. The methane oxidation and chlorination processes
are here described using the reduced mechanism from Mehta et al. [29], which accounts for 37 species
and 129 reactions. For the description of the TiCly conversion into TiO, three different submechanisms
will be considered separately in this work: a phenomenological reaction scheme (PRS) [14]], a detailed
oxidation scheme (DOS) [29] and a new combined oxidation and hydrolysis scheme (OHS). These three
submechanisms will be described in Sec. 2.1 A mixture-averaged model is assumed for the diffusion
coeflicients of the gaseous species. Results on particle volume fraction could be directly derived from
the gaseous TiOy) mass fraction. However, a more detailed characterization of nanoparticles can be
obtained by adding a solid phase description to the simulations. For this, once gaseous TiOy(y) is produced,
an infinitely fast nucleation process is assumed to form the first solid particles TiO2). In general, the
nucleated particles are treated as monomers [30]. Here, following the recommendations of Mehta et
al. [25]], five Ti atoms are required to constitute a freshly nucleated solid particle. The solid phase is then
represented using a sectional model and the particle size distribution (PSD) is deduced therefrom. Thirty
sections are considered [31]. The mass and enthalpy conservation formulation proposed in Orlac’h et
al. [32] is retained. The particles diffusion velocity involves a thermophoretic contribution [33, 34| and
a diffusion term induced by concentration gradients. The particles diffusion coefficients are computed
in the free molecular regime. The particle thermophoresis velocity is taken from Waldmann [33]. The
nanoparticles dynamics involve only nucleation and coagulation. By neglecting sintering it is implicitely
assumed that the corresponding characteristic time is negligible with respect to the coagulation time.
However this assumption may not be true in the whole flame [3]] and a more elaborate modeling might be
needed to account for coagulation and sintering competition in the sectional framework, i.e. non-spherical
particles, which is left for future work. For simplicity, in the present work, we assume that particles are
spherical and that coagulation between two spherical particles gives rise to a single spherical particle so
that the description of sintering is not needed. Since the Brownian coagulation leads to a self-preserving
size distribution, the conclusions on the particle size density (PSD) are not expected to be notably affected
by this assumption. The coagulation rate is expressed in a transition regime between the free molecular
and the continuum regimes [32] through the collision frequency B, ; between a particle of volume v; and a
particle of volume v; as:
fm ge
L= e M8 B ) @1
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Figure 1 — Schematic representation of the models considered in this work for the simulation of TiO;
synthesis in TiCly flames.

with the collision frequency for free molecular regime (superscript fm) and the continuum regime (super-
script c) respectively given by:
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where €3¢ = 2.2 is an amplification factor due to Van der Waals interactions [31]] and u is the gas dynamic
viscosity given by Sutherland’s formula [35] u = C \T32 /(T + C5). The coefficients C; and C, are the
Sutherland coefficients, and C; is the Cunningham corrective coeflicient for a particle of volume v; [36]:
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where Kn; is the Knudsen number. d. ; is the collisional diameter of a particle of volume v; equal to the
particle diameter since we consider spherical particles. Finally, lg,s = kpT'/ (\/iﬂdéas p) 1s the mean free
path of the gaseous phase, where kp is the Boltzmann constant, dg,s = 0.2 nm is the diameter of a typical
gas particle and p is the pressure.

Surface growth is not considered here but it has been verified by applying the surface growth model of
Ghoshtagore [30,37-40] that its effects on nanoparticles global quantities and size distributions is negligible
compared to nucleation and coagulation processes in all the 1-D cases examined in this article. When only
nucleation and coagulation are considered, there is no backward coupling between the solid and gaseous
phases so that, if needed, these two phases can be simulated separately [41]].

2.1 Models for conversion of TiCl into TiO»

As already indicated, experimental data on the relative contribution of TiCly oxidation and hydrolysis on
TiO; production in flames are today scarce. TiCly hydrolysis is generally admitted to occur even at room
temperature [42] and the conversion of TiCly into TiO; is usually considered to be fast [[14} 18] 43| since:

* A high conversion yield (60 % to 95 % depending on the oxidizer concentration) is observed in
co-flow diffusion flames [43]].



2.1 Models for conversion of TiCly into TiO,

* Particle sizes rapidly reach a self-similar log-normal distribution [5, (7, 41} 44, 45]], meaning that the
conversion of TiCly into TiO; is a quick process leading to a fast nucleation of solid particles, which
are then only subjected to coagulation.

Although no information is given about the relative oxidation/hydrolysis contribution in TiO, production,
experimental data indicate that the kinetics of TiCly conversion into TiO; is extremely efficient, pleading
in favour of a fast conversion kinetics when considering TiO; production in flames. It is then important to
verify whether the submechanism for conversion of TiCly into TiO, retrieves these qualitative experimental
observations. Two main approaches can be found in literature:

* Empirical phenomenological reaction scheme (PRS) such as the model of Pratsinis et al. [[14], whose
reaction progress rate Qgjobal [mol.cm™3.s7!] reads as:

leobal = Aglobal eXp (_Eglobal/(RT))[XTiC14] 2.4)

with Agjopal = 8.26- 10* s~! the pre-exponential factor, R = 8.31 J .mol~L.K™! is the gas constant,
Eglobal = 88.8 kJ .mol~! the activation energy, T the gas temperature and [Xticy,] the molar con-
centration of TiCly. The rate constants were fitted to reproduce the experimental consumption of
TiCly obtained in an externally heated tubular reactor for a TiCl4/O,/Ar mixture, i.e. under dry
conditions. This global reaction is widely used in numerical simulations of TiO, nanoparticle forma-
tion [17,204/30,38-40]. Initial numerical calculations based on this model were aimed at investigating
conditions representative of the chloride process in externally heated dry conditions [30, 38, 39],
and analyzing the sensitivity of the PSD to global parameters such as surface growth or turbulence
intensity with no comparisons with experimental data. This model was more recently validated in
co-flow diffusion flames in terms of nanoparticle volume fractions and particle size distributions, at
least for particle sizes larger than 35 nm [41]]. One may identify two drawbacks when using a PRS
model:

1. The reaction progress rate depends only on TiCly concentration and temperature, i.e. this
phenomenological model guarantees a fast conversion of TiCly into TiO, when a sufficiently
high temperature is reached without any details on the real chemical pathways.

2. Such global reaction rates may lead to some numerical issues due to a too simple description of
the chemical pathways. Indeed, Qgobal can be non-zero even for zero O, concentration, leading
then to negative O, mass fraction and/or non-conservation of O atoms.

However, this model is today considered as a good estimator of experimental trends for the final
products and is widely used to simulate TiO, synthesis in TiCly flames [17, 20, 30, [38-40]. It will be
used in the following to evaluate the performances of the other models in the absence of experimental
data on laminar flames since it represents the state-of-the-art in terms of TiO, modeling in TiCly
flames.

* Detailed oxidation kinetics (DOS). A detailed kinetic scheme for the gas-phase reactions of TiCly with
O, was developed by West et al. [23]] based on density functional theory calculations. The model
comprises 30 species and 66 reactions and its reaction rates are consistent with thermodynamic
equilibrium theory. It agrees reasonably well with the phenomenological description in terms of
TiCly consumption rate as a function of temperature under dry conditions [24]. However, to our
knowledge, such detailed oxidation kinetic schemes have not been validated in terms of nanoparticle
volume fraction or number density in flames. Detailed mechanisms have mostly been applied to
TiCls-O, mixtures externally heated [46-48] but these conditions are not fully representative of
nanoparticle flame synthesis since water molecules are absent. More recent studies [46| 48] have
used this oxidation mechanism to calculate the TiCly consumption rate and compare numerical
predictions with the plug flow reactor data of Pratsinis et al. [[14]. These works illustrate the
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2.1

Models for conversion of TiCly into TiO»

Rate constants &
Reactions from Wang et al. (2010) T=298K | T=700K | T =1500K
R1: TiCls+ H,O — TiCl;0H(g) + HCI(g) 2.0x1073 | 3.0x10%> | 5.0x10%
R2: TiCl30H(g) + H,0(g) — TiCl,(OH),(g) + HCI(g) | 5.1x10~* | 3.4x10" | 4.3x10°
R3: TiCl,(OH),(g) + H,0(g) — TiClI(OH)3(g) + HCI(g) | 4.8x1073 | 8.4x10' | 6.1x10°
R4: TiCI(OH)3(g) + H,O(g) — Ti(OH)4(g) + HCI(g) 3.5x107° | 1.3x10%> | 1.3x10*

Table 1 — Reaction rate constants k = kN;1 [cm? molecule™! s™!] for the first four reaction steps for TiCly
hydrolysis up to Ti(OH), for three temperatures from Wang et al. [49].

sensitivity of the process to the model, e.g. mixing efficiency, nanoparticle fractality, process
temperature or flow rate, but without validation in terms of nanoparticle volume fraction and PSDs
since the corresponding data were not available. Mehta et al. [25, 26] compared the performances
of a detailed oxidation scheme based on the work of West et al. [24] with the phenomenological
model in two co-flow diffusion flames investigated by Pratsinis et al. [13]]. In these cases, the
detailed oxidation model correctly predicted the experimental TiCly consumption. However, the
TiO, formation rate was approximately 10 times slower with the detailed oxidation mechanism than
with the phenomenological scheme that was previously validated on experimental data, indicating
that the detailed oxidation model underestimates TiO, production in flames. To summarize, in
contrast with the phenomenological model, this mechanism is expected to accurately describe the
TiCly oxidation kinetics but the conversion yield is too slow when the water vapor concentration is
not negligible.

In the present work, the global mechanism of Pratsinis et al. [[14] and the TiCl4 oxidation scheme of
Mehta et al. [29], which accounts for 14 species and 36 reactions, will respectively serve as PRS and
DOS models for the conversion of TiCly into TiO,. In addition, a third submechanism is proposed in the
following to include the first steps of hydrolysis kinetics into a DOS description.

Accounting for TiCly hydrolysis kinetics

Although experimental evidence indicates that the hydrolysis kinetics may play an important role in TiO;
nanoparticles production in TiCls flames, only very few studies consider the development of corresponding
detailed schemes. Progress has only recently been made in the understanding of the hydrolysis kinetics.
Totton et al. [22] have derived a self-consistent thermochemistry for the conversion of TiCls in methane
flames, accounting for both oxygen and water. Their data only concern thermochemical equilibrium and
information on the chemical pathways are not provided. In parallel, Wang et al. [49] demonstrate using
potential energy surface calculations and Rice-Ramsperger-Kassel-Marcus theory that the hydrolysis of
TiCly does not result in the formation of TiOCl, and HCI, nor TiO, and HCI as predicted by the global
reaction due to the substantial endothermicities associated with the formation of gaseous TiO,. Therefore,
intermediate Ti- species are expected to be formed by the hydrolysis process. For this, they provided
the first four TiCly hydrolysis reactions up to the production of gaseous Ti(OH)4 together with their reac-
tion rates k [cm3molecule~'s™1] at three reference temperatures (T = 298, 700, 1500 K), as listed in Table

We here propose to add to the TiCly oxidation kinetics model assembled by Mehta et al. [29]] a hydrolysis
submechanism accounting for:

* TiCly hydrolysis into Ti(OH)4 via the chemical pathways identified by Wang et al. [49].

* The bimolecular collision of two Ti(OH)4 molecules into TiO;, based on the model of Lindberg et
al. [50] for TTIP flames.
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Figure 2 — Comparison of the reaction rates R1-R4 using the Arrhenius law (lines) with the available data
from Wang et al. [49].

Concerning TiCly hydrolysis into Ti(OH)4, in order to dispose of a kinetic mechanism, the reaction rates
k = Nyk [em®mol~'s™!] need to be expressed in the form of an Arrhenius law: k = AT8 exp (-E/(RT)),
where N, is the Avogadro number, A is the pre-exponential factor, 5 accounts for temperature dependency
and E is the activation energy. For this, we fit the available data on reaction rates provided by Wang et
al. [49] and presented in Table |I| with a least squares linear regression to obtain the values for A, S and
E for each reaction. The reaction parameters obtained in this way are provided in Table 2] A comparison
of the reaction rates R1-R4 using the Arrhenius law (lines) with the available data from Wang et al. [49]
(symbols) is provided in Fig.[2] The reaction parameters correctly reproduce the evolution of the reaction
rate constants with temperature.

Once TiCly is converted into Ti(OH)4, an additional step is introduced to describe the formation of
TiO; in analogy with the model provided in [S0] for TiO, synthesis in TTIP flames. Ti(OH)4 species
is then considered as the main intermediate species leading to the formation of TiO; as the results of a
bimolecular collision of two Ti(OH)4 molecules. In order to provide a consistent description with the
phenomenological and the detailed oxidation model, we add a fifth reaction to the model in Table [2] by
rewriting the free molecular collision kernel used in [S0] in the form of an Arrhenius law.

Hydrolysis process is probably more complex and involves many more intermediate species than the five-
step mechanism proposed here. However, this can be considered as a first step forward in the description
of TiCly hydrolysis in view of its use for numerical simulations of industrial systems. In addition, the
principle aim here is to analyze whether the hydrolysis pathway can dominate the more standard oxidation
pathway in TiCly flames. For this, the five-steps hydrolysis submechanism of Table [2| is added to the

Reaction A E
[em3.mol~L.s1] B [cal/mol] | Ref.
R1: TiCl4+ H,0 — TiCl;0H(g) + HCI(g) 1.44- 1077 0941 [ 11467 | [49] |
R2: TiCl30H(g) + H,O(g) — TiCL(OH),(g) + HCI(g) 4.01-10% 1.053 | 10528 | [49] |
R3: TiCl,(OH)»(g) + H,O(g) — TiCl(OH)3(g) + HCI(g) 5.68-10% 0.992 | 9201 [49] |
R4: TiCI(OH)3(g) + H,0(g) — Ti(OH)4(g) + HCI(g) 1.02-10%° 1.049 | 9926 [49] |
R5: Ti(OH)4(g) + Ti(OH)4(g) — 2 TiOx(g) + 4 H,O 5.23-10? 0.5 0 [27] |

Table 2 — Five-step TiCly hydrolysis submechanism combined to the Mehta et al. [29] mechanism in the
OHS chemical scheme.



oxidation kinetics model proposed by Mehta et al. [29] so that the resultant mechanism, referred to as the
oxidation and hydrolysis scheme (OHS), will account for both oxidation and hydrolysis of TiCly. It should
be mentioned that thermodynamic equilibrium calculations showed that the PRS, DOS and OHS schemes
provide identical TiO; equilibrium concentration for a given initial state.

3 Model calculations in reference configurations

The performances of three different submechanisms for TiCl4 conversion are considered in the following:
the PRS model of Pratsinis et al. [14], the DOS scheme of Mehta et al. [29] and the new OHS model
described above. It should be noticed that experimental results in laminar flames where oxidation and
hydrolysis are expected to occur are available in literature [13]. Unfortunately, they are not easy to use for
the validation of the proposed hydrolysis model and of the numerical strategy retained here for two reasons.
First, in [13]] effects of oxidation and hydrolysis are characterized in terms of particle properties, such as
rutile/anatase fraction or surface area. Unfortunately, the numerical determination of these properties will
require more sophisticated models compared to those used in the present analysis. This is so because, to
our knowledge, there is no simple model for distinguishing rutile and anatase forms. The surface area could
be described by accounting for the fractal nature of the aggregates but the description of such properties
is out of the scope of the present work. Second, the experimental characterization of the titanium dioxide
powders (including primary particle size) is obtained by sampling the powders far downstream the flame in a
position that is not easily estimated and might reduce the precision of the comparison between experimental
and numerical data. It was therefore considered preferrable to provide a first validation of the numerical
approach in the case of a furnace reactor in Sec. where TiO; nanoparticles are produced by heating
without flame so that no hydrolysis occurs. For this configuration, the DOS was already validated and
experimental data are available. Then, the role of hydrolysis will be evaluated by examining numerical
results for canonical 1-D freely propagating premixed flames and 1-D counterflow diffusion flames in
Secs. 3.2 and [3.3] Results from the phenomenological model will provide predictions of experimental
trends on final products. Finally, in Sec. [3.4] co-flow flames will be investigated to characterize TiO,
nanoparticles flame synthesis in a more realistic configuration. As already indicated, the description for
the methane oxidation and chlorination as well as for the solid phase is identical in all simulations. All
simulations have been performed using the Regath code [51], except for the 2-D co-flow flame.

3.1 Furnace reactor

The furnace reactor configuration by Nakaso et al. [I5]], schematically presented in Fig. [3a] is simulated to
verify that the general trends of the phenomenological model and of the detailed oxidation kinetics, which
have been developed under dry conditions, are similarly retrieved by the new OHS model in the case of a
TiCly-N;,-O, mixture heated externally, i.e. in a dry configuration. The experimental injection of TiCly in
an O/N, mixture flowing inside a heated tube is numerically described as a 1-D flow. The experimental
temperature profile presented in Fig. [3b]is prescribed. The N, and O, mole fractions are slightly less than
75% and 25%, respectively. The TiCl4 mole fraction is 2- 107. The flow rate is 2.74 - 1072 g.cm™2.s7 .
Figure 4a| shows the particle size distribution (PSD) obtained by Nakaso et al. [15] using a trivariate
(diameter/volume/surface) sectional model coupled with a PRS model for TiCly conversion. Results
at different axial positions are presented and compared to the experimental PSD, which is measured
downstream of the furnace exit. Experimental data provide indications on mobility diameters of aggregates
and on primary particle diameters. These two features are not available in the present numerical model,
so that the volume equivalent diameters from the simulations are directly compared to the experimental
mobility diameters of aggregates. Discrepancies between the measured distribution and those calculated
at x = 1.5 m by Nakaso et al. [[15] were explained by the fact that the experimental furnace tube length was
equal to 1.5 m, but the nanoparticles detection systems was located further downstream at an unknown
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Figure 3 — Schematic of the furnace configuration from Nakaso et al. [15]]. The gas temperature profile
corresponds to the case where the furnace wall temperature is 7 = 1473 K (1200° C in [15]]).

distance from the outlet. For this reason, we have presented in Figs. @b}{dd| the PSD results obtained with
the three TiCls conversion mechanisms also at an arbitrary distance of x = 2.75 m to show how the PSD
evolves on the way to the detection system. The three different models show similar features. The PSD
shape can be easily linked to the processes governing nanoparticle production: the first peak is governed by
the nucleation process, while the coagulation is responsible for the second. The phenomenological model
of Fig.[4b|presents a quick transition in the PSD shape from a bi-modal shape (for x < 58 cm), characterized
by the presence of small nuclei particles and already coagulated bigger particles, to a log-normal shape
(for x > 125 cm) mainly corresponding to big coagulated particles. As expected, these results of the PRS
model are in agreement with those reported in [[15] (Fig. @a)), since they both rely on a phenomenological
TiCl4 model. On the contrary, the DOS and the OHS models present a slower PSD transition with a high
concentration of small nuclei particles at x = 92 cm. Results from these two descriptions exhibit identical
trends as this case corresponds to a dry configuration in which no hydrolysis is expected. Overall, the
results of the different schemes are not in contradiction with the experimental data and can be considered
validated within the limits of the information available.

3.2 1-D premixed flames

One-dimensional laminar freely-propagating premixed flames are one of the simplest fundamental configu-
rations for the characterization of combustion processes. Therefore, a 1-D premixed laminar TiCl4/CHg/air
flame at atmospheric pressure, schematically presented in Fig. [3] is now considered to investigate TiO
flame synthesis. An inlet temperature of 500 K, higher than the evaporation temperature of TiCly, is
assumed so that TiCl is injected in gaseous form. The mass fraction of TiCly at injection is Y%, =5 %.
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Figure 4 — Comparison of simulations with experimental measurements in the configuration of Nakaso et
al. [15]] of Fig.
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Figure 5 — Schematic of 1-D premixed flame.

Two equivalence ratios ¢ have been considered: a lean flame (¢ = 0.6), assuring a high O, concentration
in the burnt products, and a stoichiometric flame (¢ = 1.0) to investigate a case with a much lower O,
concentration in the burnt products.

The two flame structures are plotted in Fig. [6] using the OHS submechanism. The reaction zone, here
defined as the zone where the CH4 consumption rate is higher than 1% of its maximum value, is visualized
in grey and it is used to scale the axial coordinate so that x = O mm corresponds to the beginning of the
reaction zone. The reaction zone ends at x ~0.65 mm and 0.4 mm for ¢ = 0.6 and 1, respectively, and it
is followed by a post-flame zone. Upstream the reaction zone (x < 0 mm), a preheat zone can be iden-
tified where diffusion controls temperature and intermediate species profiles. Simulations have also been
performed using PSR and DOS models. Only small discrepancies in the major species are observed for
the three submechanisms (results not shown), meaning that the methane oxidation process is only slightly
affected by the TiCly conversion mechanism in premixed configurations.

In Fig.[6] both H>O and O, species are found in the preheat, reaction and post-flame zones, so that TiCly
oxidation and hydrolysis are expected to occur in the same region in both cases. Figure [/ displays mole
fractions of TiCly and solid TiOy,) particles as a function of the axial position for the three submechanisms
and the two equivalence ratios. The mole fraction of solid TiOy(y) is deduced from the nanoparticle volume
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(a) Equivalence ratio ¢ = 0.6. (b) Equivalence ratio ¢ = 1.0.

Figure 6 — Temperature and main species profiles of laminar freely-propagating premixed CHy/air flame
for two equivalence ratios ¢ = 0.6 and ¢ = 1.0. The inlet temperature is 500 K and the inlet TiCly mass

fraction is 5 %. The grey region identifies the reaction zone. Results correspond to the simulation using
the OHS model.
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Figure 7 — Ti-species results using the PRS, the DOS and the OHS mechanisms in the 1-D premixed CHg/air
flames of Fig. [6]

fraction fy:

Ps W
o Wrio,

XTioy(s) = v 3.1
where W is the mixture-averaged molar mass, Wrio, = 79, 866 g/mol is the molar mass of TiO,, ps = 4
g/cm? is the titanium dioxide nanoparticle density and p is the gas mixture density.

In Figs. [7al and the phenomenological model predicts a complete consumption of TiCly within a
few centimeters from the flame front for both equivalence ratios. When considering the DOS and the
OHS models an even faster TiCly consumption rate is observed. This is consistent with the experimental
data, reporting short time scales for TiCly consumption. In order to quantify it, a characteristic time scale
7PRS for the k' species is estimated using the results obtained with the phenomenological PRS model as a

k

reference:

PRS _ max(p¥y)

S max(Welan o

where Y, Wy and @y are the k" species mass fractions, molar mass and net molar production rate per
unit volume, respectively. The flame characteristic time 7 is based on methane information, used to track
the reaction zone, using the phenomenological PSR model: 7 = 7ERS. The TiO, production time for PRS

CH4
model is identical to the TiCly destruction time: T%%?f?%%sz , since the phenomenological model describes
a global conversion of TiCly into TiO».

The characteristic times for the DOS and the OHS models are obtained as:

- PRS
. max(|w
o =MD pos, os, (33)
max (| |)

and compared in Table [3| with respect to flame time 7. The TiCl; consumption time scale strongly depends
on the kinetic mechanism: a time scale of the same order of magnitude of the flame time scale 7 is observed
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1-D premixed flames

Equivalence ratio | Flame TiCly consumption tricy, TiO, production 7Ti0,
time T PRS DOS OHS PRS DOS OHS
0.6 0.95 ms 2271 37471102427 | 2271 314t | 31.027
1.0 0.167ms | 5337 | 1.67 | 0.137 | 5337 | 150827 | 0.13 7

Table 3 — Characteristic time-scales for flame (CHy4), TiCly consumption rate and TiO, production rate
using the three submechanisms in configuration of Fig. |§}

when using the DOS model, whereas the TiCls consumption process is longer/shorter of one order of
magnitude when considering the PRS/OHS mechanism.

With the phenomenological model, the consumed TiCly is directly converted into TiO, by construction
(Figs.[7a and [7d). On the contrary, intermediate species are predicted with both the DOS and the OHS
models. For this, one observes that only a small quantity of TiCly is converted into TiO; at the scale of
the flame when the DOS kinetics is used (Fig.[7p). TiO, production with the DOS model is even smaller
when considering the stoichiometric case (Fig.[7¢), which is less favourable to the oxidation pathways since
the O, concentration is smaller than for ¢ = 0.6. This indicates that the oxidation pathway is quite slow
compared to the characteristic flame time (r,0° ~3007 and 150007 for ¢ = 0.6 and ¢ = 1.0, respectively).
These results do not contradict the findings reported in [46, 48] in terms of fast TiCly consumption rate.
Indeed, the TiCly consumption to produce TiOCl; is actually faster in the DOS model than in the PRS model
for both equivalence ratios. However, the conversion of TiOCl, and other Ti-containing intermediates into
TiO; is too slow to yield a significant conversion rate at the flame scale. This is consistent with the results
in [26], where the DOS kinetics is found to be much slower compared to the PRS description in terms of
TiO; production, even if TiCly consumption is quite fast. For this reason, it is more relevant to look at the
final product characteristics, i.e. particle size distributions and global properties, than to examine the TiCly
consumption when evaluating the performances of the different mechanisms. When considering a long
computation domain (L=10 m), the TiO, mole fraction for the ¢ = 0.6 case slowly increases up to half the
TiCl4 mole fraction at injection with the DOS model (not shown). On the contrary, for ¢ = 1.0, the mole
fraction of TiO; is still negligible at 10 meters since ngf(qb = 1.0) is extremely long.

Results with the OHS model are presented in Figs. [7c and [7f. For ¢ = 0.6, TiCly is rapidly converted
into Ti(OH)4 via hydrolysis reactions R1-R4 of Table 2]but its subsequent conversion into TiO; via reaction
RS is slower so that TiO» production is not complete at x=20 mm (T%gf((b = 0.6) ~ 30t"RS(¢ = 0.6)).
For the stoichiometry flame, reaction R5 is not anymore the limiting reaction of the OHS submechanism
presented in Table 2| and TiCly is quasi-instantaneously converted into TiO;, once the H,O concentration
is not negligible. In this case, TiO;, production time is even smaller than the characteristic flame time
(ngf(qb = 1.0) = 0.137(¢ = 1.0)) and TiCly is completely converted into TiO, before the reaction is
completed due to the presence of H,O into the preheat zone. For both equivalence ratios, the first reactions
in the OHS submechanism are faster than the first reactions of the DOS submechanism so that hydrolysis
is always the main conversion process when using the OHS model (T"]F)igli > T%IC-ZIIS4 ) . Compared to the DOS
model, accounting for TiCly hydrolysis in the OHS scheme allows to predict a fast production of TiO;
nanoparticles close to the flame front as expected in experiments. This observation confirms that hydrolysis
is likely to be the dominant process leading to titanium dioxide particle formation in premixed flames.

A further comparison of model predictions is performed by calculating solid particle volume fraction f,,

number density N, and mean particle diameter assuming a monodisperse distribution dioy = +/677! valyl .
These quantities are displayed in Fig. [§| for both equivalence ratios with the 3 submechanisms.

For the lean flame, the OHS model initially predicts a higher particle volume fraction (x< 2 mm,
Fig. [8a)), but its growth rapidly drops down compared to the phenomenological model. As expected from
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Figure 8 — Results for volume fraction, number density and mean diameter of TiO, using the PRS, the DOS
and the OHS mechanisms are presented in black continuous, blue dotted and red dashed lines, respectively.
1-D premixed CH4/O,/N; flame. Same conditions as in Fig. @

the previous analysis, a low particle volume fraction production is predicted by the oxidation model. Results
in terms of number density and mean diameter are qualitatively similar between the three models. For the
stoichiometric flame, the PRS and OHS models predict similar conversion rates, i.e. the predicted volume
fractions coincide in the final state in Fig. [8d] However, the TiCls conversion processes are not identical,
leading to a different solid particles nucleation and consequently different spatial evolutions of the number
density (plotted in log scale in Fig. and mean diameter (Fig. [8f). This is due to the fact that small
concentrations of H,O diffusing in the flame preheat zone are sufficient to activate the hydrolysis reactions
in the OHS scheme and that, once activated, these reactions are extremely fast. The global reaction of the
PRS model is also activated in the preheat zone but it is characterized by a longer time so that a significant
amount of nanoparticles is observed only downstream. As a consequence, a smaller number density N,
initially characterizes the TiO; production with the PRS model in Fig. [Se| compared to the OHS model.
Similarly, a fast production of volume fraction in a low-temperature region is observed leading to an initial
high peak of f, with the OHS model (Fig. [8d). This difference in TiCly conversion rate leads to larger
particle diameters in the OHS model predictions (Fig. [8f) compared to the PRS scheme. The DOS model
predicts an almost negligible production of TiO; nuclei for ¢ = 1.0 so that an extremely low number density
and mean diameter are obtained with this model.

Particle size distributions (PSD) are plotted in Fig. [9] for the three submechanisms and the two equiva-
lence ratios. For ¢ = 0.6, close to the flame front (x = 0.2 mm), the PSD calculated with the DOS model
features a lower first peak for small diameters than the one obtained with the two other schemes. When
using the OHS model, the PSD shows the presence of bigger particles close to the flame front. Further
downstream, the three models feature a similar PSD shape that tends toward a log-normal distribution,
as expected from the experimental trends. Once a log-normal distribution is obtained, the aggregate size
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Figure 9 — Particle Size Distribution (PSD) for three axial positions in the premixed flame — same conditions
as in Fig. [6]— for the three mechanisms: PRS (black continous), DOS (blue dotted), and OHS (red dashed)

models.

predicted by the OHS model is slightly higher than the one predicted by the DOS model. This seems
to indicate a similar effect of water vapor presence on aggregate size to what has been found in furnace
reactors experiments [21]]. For the stoichiometric flame, the DOS kinetics significantly underestimates the
TiO; production rate compared to the PRS and OHS models, as already discussed, so that a one-peak dis-
tribution is observed with this model all along the flame. In contrast, the OHS and the PRS models lead to
comparable TiO, volume fractions and both predict the fast production of big particles. The OHS kinetics
is much faster than the PRS model so that the nucleation is completed even before reaching the flame front.
Therefore, a sharp transition from the monodisperse distribution, characteristic of pure nucleation, to a
log-normal distribution is observed when using the OHS model (x = 5 mm and x = 10 mm). In contrast,
the PSD from the PRS model covers a large range of particle diameters, meaning that both nucleation and
coagulation occur simultaneously in the reaction zone (0 < x < 0.4 mm) and in the postflame zone (x > 0.4
mm). However, the distributions corresponding to the large particle sizes are quite similar for the PRS and
OHS models in terms of localization, level, and variance starting at distances exceeding x = 10 mm.

Differences in models predictions may be exhibited by examining the conversion yield i defined as the
ratio of the molar flux of TiO; leaving the domain over the inlet molar flux of TiCly:

in i
g - Quiet Tz _ PO Wi W XS, o W fo "
Inlet TiCly pinvinWTi CI4W0ut X"}I;Ch pout Wricl, X"i[‘rilC14 > .

where the superscripts “in” and “out” refer to the inlet and outlet conditions, respectively, and knowing
P = pyoUut - An excessively long domain of L =10 m has been considered to calculate 7. The conversion
yield is calculated for different premixed flame equivalence ratios ¢ = {0.6,0.8,1.0,1.2,1.4,1.6} for the
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Figure 10 — Conversion yield 1 as a function of the equivalence ratio ¢ in the premixed flame for the three
descriptions: PRS model, DOS kinetics, and OHS kinetics.

three TiCly conversion mechanisms. As the rate constant of the PRS model is of order O in O,, this model
is not adapted to the simulation of rich flames as it may yield negative O, mass fractions. Therefore, the
performances of the phenomenological model have only been tested under lean conditions. Results for
the conversion yield are plotted in Fig. [[0] For all considered equivalence ratios, the PRS and the OHS
kinetics models lead to nearly 100 % conversion. For both schemes, the conversion yield is thus nearly
independent of ¢. Conversely, the DOS kinetics does not predict a fast conversion of TiCly into TiO,. The
corresponding conversion yield is significant only for equivalence ratio ¢ = 0.6, i.e. high O, concentration,
and is negligible for higher equivalence ratios. The addition of the hydrolysis reactions to the detailed
oxidation kinetics therefore appears as mandatory to reproduce the expected fast conversion rate for all
equivalence ratios.

In general, the PRS model predicts a TiO, production that has a low dependency with respect to the
equivalence ratio. On the contrary, the spatial evolution of TiO, production predicted with the DOS or
the OHS models strongly depend on the flame operating conditions. As expected, when using the DOS
mechanism a significant conversion is observed only for high O, concentration, i.e. under lean conditions.
On the contrary, the OHS mechanism predicts a faster conversion for richer flames, characterized by high
H>O concentration. However, results with the OHS model far downstream from the flame front in terms of
conversion rate and PSD are similar to predictions with the PRS model that by construction is expected to
represent the global experimental trends in terms of final TiO, production with no guarantee of a correct
description of the chemical pathways and correspondingly of the spatial evolutions of Ti-containing species.

3.3 1-D counterflow flames

The behaviour of the three conversion submechanisms is now investigated in counterflow flames, schemat-
ically presented in Fig. in a configuration where pure CHy is injected on the right side against pure
O> injected from the left side at a temperature 7 = 500 K and pressure p = 1 atm. The strain rate is
a =100 s~!. Gaseous TiCly is injected with a mass fraction Y}'l.lél4=5%. Two cases are considered: TiCly is
injected either at the fuel side or at the oxidizer side. Pure O, has been considered instead of air to evaluate
the contribution of oxidation pathways for its most favourable conditions corresponding to the injection of
TiCly on the oxidizer side. An axisymmetric configuration is considered and a 1-D formulation along the
central axis in used [51]].

The flame structure obtained for the fuel-side case with the OHS submechanism is presented in Fig. [I2]
The stagnation plane is located at x = 0 mm. When considering the oxidizer-side case with the two
other submechanisms, only small differences in terms of temperature and major species concentrations are
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Figure 11 — Schematic of 1-D counterflow flame configuration. Left: TiCly is injected at the oxidizer side.
Right: TiCly is injected at the fuel side.

detected (not shown), indicating that the TiCl4 chemistry does not greatly modify the methane oxidation
process in this configuration as in the laminar premixed flames analyzed previoulsy.
The profiles of TiCly4 and TiOy(s) mass fractions for both fuel-side and oxidizer-side injections are plotted

in Fig.[T3] To interpret the results, it is important to remember that TiOx() profiles result of convection,
thermophoresis and chemical processes:

* Solid particles are mainly produced on the side where TiCly is injected once temperature or/and H,O
concentration are sufficiently high. The TiO; production region, i.e. where the TiO; production rate
is higher than 1% of its maximum value, is identified by vertical blue lines. When TiCly is injected
on the oxidizer side, the TiO, production region is found on the injection side (x < 0 mm) for all
three submechanisms, even if its extension and position depend on the submechanism. When TiCly
is injected on the fuel side, the nucleation zone covers both sides when using the PRS or the DOS
models, while it arises in a small zone in the injection side with the OHS model. For both injection
sides, the oxidation model leads to a negligible production of TiO,. As a result of the nucleation

process, a local maximum of TiO, mass fraction is found in the injection zone for all considered
cases.
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Figure 12 — 1-D non-premixed counterflow diffusion CH4/O; flame. The strain rate is 100s~!. The flame
stagnation plane is located at x = O mm.
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3.3 1-D counterflow flames

* Once produced, solid particles are convected towards the stagnation plane, located at x = 0 mm.
Particles are expected not to cross this plane, so that a maximum of TiO, concentration is expected
to form near that plane. However, solid particles are also subjected to thermophoretical diffusion,
transporting nanoparticles towards lower temperature region. The position of temperature maximum
value is marked by the red vertical line. Convection and thermophoresis processes occur simultane-
ously and can have a similar or an opposite effect on the profile of TiO, mole concentration depending
on the zone, eventually leading to the presence of additional local maxima.

Since particle evolution strongly depends on the localization of their nucleation region relatively to the
stagnation plane and the position of the maximum temperature, TiO() profiles notably differ depending
on the TiCly injection side and the retained chemical description.

In analogy with the performances obtained on the premixed flames, a fast consumption of TiCly is
observed with the PRS and the DOS models and an even faster TiCly consumption is found when using
the OHS submechanism, independently of the injection side. In both cases, the PRS and OHS models
predict a significantly higher conversion rate of TiCly into TiO, than the DOS model, which predicts a fast
TiOCl, production but a nearly negligible conversion into TiO,. With the OHS kinetics, TiCly is rapidly
consumed and is essentially converted into TiO, for both injection cases, following the hydrolysis pathways.
Significant differences can be observed between the OHS mechanism and the PRS model. First, in both
configurations, a higher mass fraction is obtained when using the OHS model than the PRS results. Second,
the TiCl4 conversion process occurs upstream when using the OHS model, so that the TiOs) production is
not localized in the same region. For all submechanisms, the injection of TiCly with the oxidizer represents
the most efficient way to produce TiO; nanoparticles.

Results on the solid phase in terms of particle volume fraction, number density and mean particle
diameter obtained with the three submechanisms are compared in Fig.[I4] Results with the DOS scheme
are not reported for the fuel side case since it predicts a negligible TiO, production, whereas an extremely
low, yet non-zero, production is obtained for the most favorable case, i.e. injection in the oxidizer side.

When TiCly is injected from the oxidizer side, the three submechanisms present a qualitatively similar
production of TiO; nanoparticles, but the DOS model predicts an extremely low production. One distin-
guishing feature of the OHS model is that the first particles are formed upstream so that the TiO; volume
fraction and number density profiles exhibit a local maximum before reaching the high temperature region
(x ~7 mm, Figs. [[4p and b). Differences between the three models are more pronounced when TiCly is
injected on the fuel-side, with changes in the position of the region where TiO; is formed. More specifically,
production of TiO, is extremely fast when using the OHS model so that nucleation is completed in the
injection side. On the contrary, TiCls consumption with the PRS model is not ended before the stagnation
plane so that TiO; nucleation occurs on both sides of this plane. As a consequence, the number density
and mean diameter profiles are quite different when using the PRS or the OHS models.

Similarly, the PSD evolution in the flame presented in Fig.[I5]strongly depends on the chemical scheme.
As in the premixed case, the OHS kinetics is faster than the PRS model, itself faster than the DOS model.
As a consequence, the transition towards a log-normal PSD is much faster with the OHS scheme than with
the other schemes. The PRS model and OHS scheme yield similar PSDs for particle diameters greater
than 30 nm for injection in the oxidizer-side (x=0 mm, top), indicating that the OHS model predicts a final
production coherent with the PRS model while providing additional information on the chemical pathways,
i.e. on the spatial evolution of TiO, production in the flame vicinity.

It is interesting to determine the conversion yield n of Ti Cly. To do so, let us consider that TiCly
is injected from the left (here the oxidizer side) into the control volume defined by red lines in Fig. [16]
spreading from x = X"/ to x = +oo over a height of y = H. The conversion yield is then defined as the ratio
of the molar flux of TiO; leaving the flame domain over the molar flux of TiCly injected into the control
volume. In order to avoid that a part of fresh TiCly leaves the control volume without being converted,
X should be located close to the flame front. This point is defined here as the axial position where the
temperature starts increasing, namely: (T(X™/) — T=°)/(T"%* —T~>°) > 1073,
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Figure 13 — 1-D non-premixed counterflow CH4/O; flame using PRS, DOS and OHS models. The strain
rate is 100s™! and the TiCly is injected on the oxidizer (top) or fuel (bottom) sides with a mass fraction
of 5%. The flame stagnation plane is located at x = Omm. Vertical dotted grey lines indicate the TiO;
production zone. Same conditions as in Fig. @
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CH4/0O, flame with TiCly injection on the oxidizer (top) and fuel (bottom) sides. Results with the DOS
scheme are reported in dotted blue lines only for the oxidizer side. Same conditions as in Fig. @
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1-D counterflow flames
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Figure 15 — Particle Size Distribution (PSD) for three axial positions in the counterflow flame for the three
mechanisms: PRS, DOS and OHS models. 1-D counterflow CH4/O; flame with TiCly injection on the

oxidizer (top) and fuel (bottom) sides.

In these conditions, the conversion yield n reads:

+00

Xinj
H o - :
Jo " nric (XM o(XT) dy
where 7, (cm™) is the number density of the k™ species. As in the 1-D formulation we have u(x, H) =
H U(x), one obtains:

ntio,(x) u(x, H) dx

n= (3.5)

S 1Ti0,(0) U(x) dx
© nmic, (XM o(X)
It should be noted that the conversion yield does not depend on H.
The conversion yield is plotted in Fig. as a function of the strain rate a for the three schemes
considered. For all schemes, the conversion rate is a decreasing function of the strain rate, as increasing
the strain rate lowers the residence time in the flame. For all strain rates, the OHS scheme leads to a higher
conversion yield than the PRS model, itself leading to a much higher rate than the DOS scheme. As in the
premixed flame, the detailed oxidation DOS model does not predict a fast conversion of TiCly into TiO,,
in contrast with experimental results in diffusion flames [18, 43|]. Compared to the premixed flame, none
of the proposed kinetics predict full conversion in the counterflow configuration. The phenomenological
PRS model, which is known to be fast, predicts lower conversion yields than the OHS scheme including
hydrolysis, with ranges below 40 % at 600 s~!. This is likely because the OHS scheme is extremely fast and
it is less sensitive to the residence time in the flame. Adding the hydrolysis mechanism allows to recover
the experimental trend concerning final products, fast conversion of TiCly into TiO; and evolution of the
PSD towards a log-normal distribution of particle sizes.

(3.6)
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3.4 Co-flow flame
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Figure 16 — Schematic representation of the control volume used to determine the conversion yield in the
counterflow flame configuration. The control surface is drawn in dark red and the volume is shown in gray.
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Figure 17 — Conversion yield n plotted as a function of the strain rate @ in the counterflow flame when
TiCly is injected from the oxidizer side — same conditions as in Fig. [I2]— for the three mechanisms: PRS,
DOS and OHS.

3.4 Co-flow flame

Finally, the three models are evaluated in an axisymmetric co-flow methane/air flame, schematically
represented in Fig. [[8a] reproducing the experimental setup of Xu et al. [41]. A TiCl4/N, mixture is
injected via an inner tube with a volume fraction of TiCl4=10%. It it conveyed by an injection of CH4/Ar
mixture, surrounded by an outer coflow of O, and an external coflow of Nj.

Compared to the original configuration, corresponding to a flame in the transitional laminar to turbulent
regime, the mass flow rates have been halved to preserve a laminar flow. The operating conditions are
gathered in Table
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3.4 Co-flow flame
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Figure 18 — 2-D co-flow flame configuration.

Inlet Temperature Mass fraction Yy Velocity | Inner diameter (wall thickness)
Precursor (P) 500 K TiCl4:0.429 / N»:0.571 | 0.11 m/s 10 (0.5) mm
Pilot flame (F) 500 K CH4:0.448 / Ar:0.552 | 0.085 m/s 21 (0.75) mm
Oxidizer (Ox) 500 K 0,:1.0 0.052 m/s 36 (1) mm

Inert (I) 500 K N»:1.0 0.05 m/s 80 mm

Table 4 — Operating conditions for the 2-D co-flow flame.

The simulation is performed using the OpenFoam solver using the Tabulation of Dynamic Adaptive
Chemistry (TDAC) model [52], coupling a tabulation method with a mechanism reduction method, and
assuming an axisymmetric flow. The geometry reproduces the burner from 20 mm before the injection
(y = =20 mm) up to y = 300 mm (blue square in Fig.[I8a)) and it extends radially up to x = 80 mm. The grid
is composed of approximately 18000 cells presenting a spatial resolution of 0.4 mm in the region close to the
burner outlet. For this configuration, only the gaseous phase is simulated and results for TiO; nanoparticles
can be directly derived from gaseous TiO, mass fraction, since we have assumed that nucleation is an
infinitely fast process. Numerical difficulties were encountered when using the phenomenological PRS
model since TiCly is injected together with N, so that the reaction rate of Eq. (2.4) can be non-zero even
when O; is absent when the flame temperature is sufficiently high, possibly leading to negative O, mass
fractions. To overcome this problem, the reaction rate for O, species coming from the phenomenological
equation has been forced to zero. Even if O-atoms conservation is not guaranteed, the O, consumption is
expected to be small and will not greatly affect the results.

Fields of O, and H,O mass fractions obtained with the OHS model are shown in Fig. [I8b| and reveal
regions where oxidation and hydrolysis of TiCly may occur. The two species do not overlap everywhere so
that oxidation and hydrolysis chemical pathways may play a different role in TiO, formation in the co-flow
flame. A significant H,O level is found along the flame centerline, where TiCly is injected, while O, exists
at a distance from the axis. Results for TiCly and TiO, mass fractions for the three submechanisms are
plotted in the top row of Fig. [I9] To illustrate the different kinetics, the TiCly consumption and TiO,
production zones are marked in blue and red, respectively, in Figs. [T9d{I91]
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3.4 Co-flow flame
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Figure 19 — Results for a 2-D co-flow flame using the PRS model, the DOS kinetics and the newly OHS
mechanism. a-c) TiCly and TiO; mass fractions. d-f) TiCly consumption and TiO; production zones are
identified in blue and red.

The locations of TiCls consumption and TiO, production zones strongly depend on the retained kinetics.
The phenomenological PRS and the oxidation DOS models predict similar evolutions of TiCls concentration
whereas TiCly consumption is completed in a smaller region when using the OHS model indicating a faster
reaction as previously observed for premixed and counterflow diffusion flames. The TiO, production zone
lies near the centerline for the PRS and the OHS models, differing from the DOS model’s results due to a
very small O, concentration in this region (Fig.[I8). As already deduced in 1-D configurations, the PRS and
OHS models predict a fast conversion of TiCly into TiO; so that TiCly consumption and TiO, production
zones almost overlap. On the contrary, these two processes do not occur in the same zone when considering
the DOS model, indicating a fast consumption of TiCly but a slow TiO, production. As a consequence,
the maximum value of TiO; mass fraction and its location vary with the submechanism: a high yield is
observed closer to the injection with the fastest OHS model, whereas a small yield of TiO; is predicted
downstream with the DOS mechanism. This behaviour is in line with results presented for premixed and
counterflow laminar flames: the oxidation mechanism activates when a sufficiently high concentration of
O, is observed and predicts a slower TiO; production compared to the other two submechanisms. Overall,
the hydrolysis pathway plays an important role when the H>O concentration is high leading to an extremely
fast and efficient conversion of TiCly.
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4 Conclusion

The production of titanium dioxide nanoparticles by flame synthesis is numerically investigated in standard
laminar flame configurations, by focusing on the role that TiCls hydrolysis may play on TiO; flame synthesis.
Three submechanisms for TiCly conversion into TiO, are considered: a phenomenological PRS scheme
that reproduces global experimental trends in terms of final products, a detailed DOS mechanism only
accounting for TiCly oxidation and a newly developed OHS mechanism describing both TiCls oxidation
and hydrolysis. The DOS kinetics developed in dry configurations is characterized by extremely long
TiO, formation time scales in flames when O, concentration is low, leading to low conversion yields, in
contrast with experimental data. On the contrary, the OHS scheme predicts for all considered cases a fast
and efficient TiO, production leading to a final log-normal particle size distribution, as expected from
experimental observations and state-of-the-art phenomenological results, while giving access to detailed
chemical pathways. These results suggest that TiCly hydrolysis is a major contributor to TiO; production
in flames, due to the presence of water vapor and the high reactivity of TiCly with vapor.

As a perspective, the proposed five-step model for TiCls hydrolysis would need to be replaced by a
more complex kinetic scheme including additional intermediate species and reactions to obtain an improved
quantitative description of the process. A deeper validation and characterization of the hydrolysis chemical
pathways in terms of reactions and kinetic parameters are sought. For this, it would be useful to develop
experiments not only focused on final products but also providing information on the spatial evolution
of Ti-species in the flame. Specifically, the location where TiO; is produced would provide information
on whether hydrolysis or oxidation dominate the process by verifying if it occurs in a region where
H,0 or O, are present. However, the proposed OHS kinetics represents a first step towards an accurate
characterization of the combustion processes governing nanoparticles flame synthesis, essential for the
optimization of industrial systems relying on this process.
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