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Abstract

Metal-oxide nanoparticles are paving the way for the development of new materials, and flame spray pyrolysis
(FSP) systems are gaining attention for their large-scale production. On an industrial level, precise control of par-
ticle characteristics is needed while guaranteeing an almost zero-emission process. In this context, computational
fluid dynamic (CFD) simulations of nanoparticle production in flames are sought to optimize the design of FSP
systems. In this work, numerical simulations of TiO2 nanoparticles production from Titanium(IV) isopropoxide
(TTIP) are performed for a laminar coflow H2/Ar flame as a first step towards this objective. To lower the CPU
cost for 2-D simulations, reduced descriptions for the gas phase and for nanoparticles are considered. For H2 com-
bustion, a 10-species kinetic mechanism is retained. Five different submechanisms are tested for the description
of TTIP conversion into Ti(OH)4, considered as the TiO2 precursor. The description of the solid phase relies on
a classical three-equation monodisperse formulation. The objective of this work is not to validate the considered
CFD strategy, for which a more extensive database would be required, but to identify the most relevant processes
for flame synthesis in a diffusion flame by performing a parametric sensitivity study. The originality of this inves-
tigation relies on the study of particle characteristics along an H2 laminar flame in a non-premixed configuration.
Thus, the focus of the parametric study is on the effect on nanoparticle characteristics of: 1) diffusion processes
of gaseous phase and nanoparticles; 2) aerosol processes. Numerical results are compared to experimental data
in terms of conversion rate, volume fraction, and primary particle diameter along the flame height. Trends from
the literature on the effect of aerosol process parameters are retrieved. Results highlight the key role of diffu-
sion processes on nanoparticle production in non-premixed flames and the need for future improvements of TTIP
conversion kinetics.

Keywords: TiO2 flame synthesis; nanoparticle numerical simulations; parametric sensitivity study; laminar coflow diffusion
flame; SEM; LII
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1. Introduction
Nanoparticle synthesis via flame spray pyrolysis

(FSP) systems is a promising alternative for the large-
scale production of metal-oxides, such as titanium
dioxide (TiO2), with tailored characteristics [1, 2].
For this, precise control of turbulent spray combus-
tion is needed since the particle characteristics such
as size and morphology, which greatly govern the per-
formances of the final material, are the result of local
ambient conditions that they experience during the
aerosol processes [3]: nucleation; condensation and
surface growth; coagulation and aggregation; sinter-
ing. In this context, disposing of computational fluid
dynamics (CFD) simulations, which provide com-
plementary information to experiments, would be of
great value as an essential tool for the rational de-
sign of nanoparticles. However, before addressing
the numerical challenges in realistic configurations,
it is essential to evaluate the performances of the re-
tained numerical strategies on academic flame config-
urations that reproduce the main aerosol processes un-
der simplified conditions, i.e. laminar steady condi-
tions and pre-vaporization of liquid metal-alkoxides.

Concerning TiO2 production in laminar flames
from pre-vaporized TTIP (titanium(IV) isopropox-
ide), which is the focus of the present investigation,
various experimental databases can be found in the lit-
erature. Nanoparticles production in premixed flames
has been characterized considering CH4, C2H4 and
H2 as fuels [4–8]. Premixed configurations present
some major advantages compared to non-premixed
flames. By imposing the mixture equivalence ratio,
it is possible to control the temperature and, more
generally, the local gaseous conditions experienced
by the particles along their trajectory. The effect
of the operating conditions on particle characteris-
tics can then be studied in a straightforward manner.
In addition, premixed configurations are usually as-
sumed as one-dimensional1, so that their experimen-
tal study is easier compared to 2-D configurations.
For the same reason, their simulation requires small
CPU resources. For all these reasons, laminar pre-
vaporized premixed flames represent the ideal con-
figurations for the validation of detailed models for
the gaseous phase, such as kinetic schemes for TTIP
decomposition and hydrolysis, [10, 11] and for the
nanoparticles, considering that sophisticated models,
such as moving sectional methods [12] or statistical
approaches [13], can be applied by postprocessing the
gaseous fields as a function of the particle residence
time. Therefore, the sensitivity of the model’s param-
eters has already been extensively analyzed using de-
tailed descriptions of both gas and solid phases in pre-
mixed flame configurations [14].

Complementary to premixed flames, TiO2 produc-
tion in non-premixed configurations can also be con-
sidered. Contrary to premixed-flames, any change of
the operating conditions in a diffusion flame will af-
fect nanoparticle production in both direct and indi-

1The validity of such assumption has been studied in [9].

rect ways since the local mixture fraction field and,
consequently, the whole gaseous phase will be mod-
ified due to the intrinsic nature of diffusion flames.
However, their study is of great interest since non-
premixed configurations are expected to be more
representative of aerosol processes in FSP systems.
Synthesis in non-premixed flames has been studied
in the literature mainly in methane/oxygen coflow
diffusion-flames [15–17], considering the effect of
reactant mixing, flow rates, and configurations on
nanoparticle characteristics. Memon et al. [18] con-
sidered the effect of fuel composition (H2 and C2H4)
in multiple-diffusion flames on the growth of pure
anatase and carbon-coated titanium dioxide. Ren et
al [19] considered C2H4 counterflow flames to inves-
tigate the effect of flow rate on the size and morphol-
ogy of carbon nanocomposites. Recently, Yi et al [20]
investigated TiO2 production in an H2/Ar/TTIP flame
by performing 2-D laser-induced incandescence (LII)
measurements of TiO2 volume fraction fv in the
whole flame. This configuration is of interest for
many reasons:

• It is an unconventional combustion application
of future ’green’ H2. Even if flame synthesis
of metal-oxides represents a promising alterna-
tive to produce nanopowder, it must be guaran-
teed that this aereosol technology does not con-
tribute to negative emissions. The use of H2 is
a valuable starting point in this direction since:
1) H2 has the potential to produce nanoparticles
in a cleaner way compared to carbon-based fu-
els; 2) H2 itself can be potentially produced in a
âC˜greenâC™ way; 3) TiO2 is one of the most
promising photocatalysists for H2 production it-
self.

• The H2 combustion presents simple kinetics,
simplifying the model validation task.

• The geometry of the configuration reproduces
the YDB (Yale Diffusion Burner) burner, which
is extensively used for the study of soot produc-
tion in the framework of the International Work-
shop on the measurement and computation of
reacting flows with carbon nanoparticles (ISF
workshop). Experimental and numerical tools
for the study of the combustion processes in this
configuration are then well-established in the lit-
erature [21–23].

• Information on the spatial evolution of fv in the
combustion zone can be considered to study the
early formation of particles and to evaluate the
performances of different submodels for the de-
scription of this stage.

• It allows the study of nanoparticle production
and the validation of the CFD strategy in a
configuration where diffusion processes are ex-
pected to be more relevant than in premixed
configurations.

For all these reasons, this configuration is considered
in this work to perform numerical simulations of TiO2
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production in an H2/Ar/TTIP coflow diffusion flame.
The objective of this work is not to validate the con-
sidered models for which a more extensive experi-
mental database would be necessary, but to evalu-
ate the sensitivity of the model’s parameters in non-
premixed configurations. This will allow us to com-
plete the sensitivity analysis already available for pre-
mixed cases [14] and to identify the most relevant pro-
cesses in non-premixed flame synthesis, whose mod-
eling should be the focus of future works. For this,
the performances of different submodels will be eval-
uated by comparing the numerical results with: 1)
already published experimental 2-D field of volume
fraction [20]; 2) new experimental data on mean pri-
mary particle size dp obtained via scanning electron
microscope (SEM) at different flame heights. The pa-
per is organized as follows. First, the experimental
setup is described in Sec. 2 for both LII and SEM
measurements to obtain information on conversion
rate, TiO2 volume fraction and mean primary parti-
cle diameter dp. Second, the numerical strategy re-
tained in this work is summarized in Sec. 3. Models
considered here are less sophisticated than state-of-
the-art approaches for 1-D premixed simulations [13].
This is needed to perform a parametric study of 2-D
configurations for an affordable CPU cost. It also al-
lows the evaluation of the performances of simplified
descriptions that have the potential to be used in the
future for 3-D simulations of realistic configurations.
Finally, results for volume fraction and primary par-
ticle diameter dp are compared to the experimental
database in Sec. 4. The sensitivity study is performed
by considering the effect of individual parameters: 1)
five different schemes for TTIP conversion; 2) diffu-
sive processes of gaseous Ti-containing species and
of nanoparticles; 3) aerosol process parameters.

2. Experimental configuration
The considered configuration corresponds to the

Yale diffusion burner (YDB) [21–23]. It consists of
a stainless-steel inner tube for fuel/inert gas injection
with a diameter of Din=3.9 mm and a wall thickness
of 0.5 mm. It is surrounded by a concentric air co-
flow of a diameter of 76 mm. The air passes through
3 mm glass beads and two layers of honeycomb sec-
tions (cell size of 0.8 mm) to obtain uniform straight-
ened flow without flow disturbances. A thermalized
version of the YDB burner with a pre-vaporized injec-
tion system has been developed so that TTIP is fully
evaporated in the fuel mixture before reaching the exit
of the injection tube [20]. The typical luminosity of
H2 flame with TTIP injection is presented in Fig. 1a.
A light blue zone, localizing the combustion zone, is
observed at z<25 mm. The strong luminous cylindri-
cal zone indicates the presence of TiO2 nanoparticles.
The operating conditions considered in this work are
the same of [20]: mass flow rate 5.1 g/h for H2, 2.3
g/h for Ar, 0.5 g/h for TTIP. Temperatures at injection
are measured with thermocouples (K-type): 380K in
the inner flow, 412 K in the coflow. Hot air coflow
was maintained at 5.5 m/s.

200 nm

b)

200 nm

c)a)

b)

Fig. 1: a) Flame luminosity. b-c) Example of SEM images
at b) HAB=20 mm and c) HAB=50 mm.

2.1. Experimental setup for LII
The LII experimental setup is the same described

in [20] and is briefly reminded in this section. A
10Hz Nd:YAG laser beam (Quantel, Q-smart 850) at
355 nm is shaped into a nearly top-hat: 8 mm in x
direction, 1 mm in z direction and 1 mm in y direc-
tion. An intensified camera (Princeton Instruments,
PI-MAX 4, 1024i) equipped with a filter centered at
640 nm Â± 7 nm (Edmund optics, 86995) was used to
obtain the spatial distribution of LII signal using a flu-
ence of 0.15 J/cm2 to prevent any interferences [24].
LII measurements are performed at different flame
heights every 2 mm, by moving the burner in the z-
direction with an accuracy of 0.01 mm. It is impor-
tant to remind that the use of the LII technique to ob-
tain information on fv of TiO2 on this flame has been
extensively validated in [20]. In specific, at the con-
sidered fluence 1) no fluorescence of TTIP has been
observed; 2) the LIE signal has a LII-like behavior;
3) the LII signal can be interpreted as directly propor-
tional to fv . The LII measurement showed a 30% of
standard deviation variation most likely because TiO2

production is not perfectly steady in the flame indicat-
ing the need for future improvements of the injection
systems.

2.2. Experimental setup for SEM
The SEM samples are collected thermophoreti-

cally [25] by insertion of a square silicon wafer
(10x10 mm2 Micro to Nano 10-008149) into the
flame. The sampling system is described in details
in Betrancourt et al. [26]. A brief overview is given
here. A silicon wafer is installed on a support con-
nected to a stepper motor allowing a repetitive swing
movement across a horizontal plane parallel to the
burner surface. The spatial resolution along the flame
z-axis is estimated to +/- 0.5 mm. The mean inser-
tion velocity is 0.19 m/s. The wafer crosses the entire
flame orthogonally to the flame z-axis. It has to be re-
minded that inserting the wafer can modify the parti-
cles properties as any other sampling process. To min-
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imize its effect and specifically to reduce the possible
superposition of various particles, only one swing of
the wafer is considered and its residence time in the
flame is optimized, here approximately 30 ms, to have
enough particles while limiting particle overcrowd-
ing, i.e. artificial primary particles aggregation. As
a result, the primary particle size dp is expected to be
only slightly affected during the sampling procedure
and this is the only information that is extracted from
SEM images in this work. To exploit SEM images to
obtain additionally information, such as the number
of primary particles per aggregate, a systematic study
should be performed by considering different wafer
velocities and numbers of swing, which is out of the
scope of this article.

The particles are collected at z=20, 30, 45, 60 and
80 mm. Due to the lateral swing movement, parti-
cles are preferentially collected on the edges of the
flame, characterized by a longer residence time. How-
ever, the thermophoretically sampling is expected to
be more efficient at the flame centerline, where the
maximum particles volume fraction is localized (see
Fig. 3).

The samples are analyzed by a Scanning electron
microscope (SEM Leo 1530 Gemini, Carl Zeiss) The
images are recorded at a beam energy of 1.9 keV. The
SEM images were processed using the free software
ImageJ. The individual primary particles are consid-
ered spherical and their size is measured for isolated
particles and for primary particles in aggregates. Typ-
ical images are displayed in Figs. 1b and c for z=20
and 50 mm, respectively. Additional images are pro-
vided in the Supplementary Materials together with
the histograms for primary particle diameter dp. Ex-
perimental diameter values reported in the following
correspond to the arithmetic mean.

3. Numerical setup
The laminarSMOKE++ solver [27], developed at

Polimi, has been extended to describe TiO2 nanopar-
ticles. The YDB burner is simulated by assuming
axis-symmetry. The numerical mesh represents an
axial 2D-plane, which extends over 0 < x < 3.8
cm and �0.25 < z < 12 cm. The grid accounts for
14000 cells with a spatial resolution in the reaction
zone of approximately 0.18 mm. Boundary condi-
tions are provided in Table 1. To simulate TiO2 pro-
duction in H2/Ar/TTIP flames, three submodels are
needed:

1. A kinetic mechanism for fuel combustion. In
this work, hydrogen combustion is described by
a 10-species and 23-reactions model developed
by Polimi [28].

2. A kinetic mechanism for the description of TTIP
conversion into Ti(OH)4 considered here as the
gaseous precursor. Details on the mechanisms
retained in this work are provided in Sec. 3.1.

3. The solid phase formation and evolution models
described in Sec. 3.2.

Inflow Coflow
Y in
H2

Y in
Ar

Y in
TTIP uin T in uco T co

[�] [�] [�] [m/s] [K] [m/s] [K]
0.646 0.291 0.063 1.902 380 0.556 412

Table 1: Numerical boundary conditions.

3.1. Kinetic models for TTIP conversion
Concerning the conversion of TTIP into titanium

(IV) hydroxide (Ti(OH)4), different families of ki-
netic descriptions with increasing complexity and
CPU cost can be found in the literature (global, re-
duced, detailed schemes). In this work, five mecha-
nisms, whose CPU cost is affordable for 2-D and 3-D
simulations, are considered:

• Model 1. A global scheme describing the TTIP
thermal decomposition as: TTIP ! H4O4Ti +
4C3H6 The reaction rate follows an Arrhenius
law, whose reaction rates are given by [29].

• Model 2. A one-step reaction is added to model
1 to account for TTIP hydrolysis: TTIP +
2H2O ! H4O4Ti + 3C3H6 + 3CH3 + HO2

The reaction parameters come from [30].
• Model 3. A reduced mechanism, composed of

25 Ti species and 61 reactions, is considered
to describe the thermal decomposition of TTIP,
occurring via C3H6 abstraction and CH3/H ab-
stractions [13].

• Model 4. To account for hydrolysis for a small
CPU cost, four representative hydrolysis reac-
tions, listed in Table 2, have been added to
model 3. Parameters for reaction R1 come from
[31]. Reaction parameters for R2-R4 have been
obtained in analogy with the kinetics of Buerger
et al. [11], based on [32].

• Model 5. The thermal decomposition
(C3H10O4 ! Ti(OH)4 + C3H6) and hydrol-
ysis (R4 of Table 2) pathways for C3H10O4

are deleted from model 3 so that no direct
conversion of C3H10O4Ti into Ti(OH)4 can
occur. With this model, Ti(OH)4 originates only
from chemical pathways involving Ti(OH)3 or
H3O4Ti.

To guarantee mass and enthalpy conservation, a
dummy gaseous species (TiO2Ru) is added to all
five models to reproduce the conversion of Ti(OH)4
into TiO2 [33]. The effect of the five models on
the prediction of TiO2 production will be analyzed
at Sec. 4. For all mechanisms, thermodynamic and
transport properties for gaseous Ti-containing species
come from [11], where they were derived in analogy
from [32]. Soret effect is included in all simulations.

3.2. Solid phase description
As for the gaseous phase, various models with dif-

ferent levels of accuracy and cost can be found in
the literature for nanoparticle production in flames.
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Reaction A
�

E
[cm3.mol�1.s�1] [cal/mol] Ref.

R1) C12H28O4Ti + H2O ! C9H22O4Ti + IC3H7OH 1.23 · 1014 0 22 501 [31]
R2) C9H22O4Ti + H2O ! C6H16O4Ti + IC3H7OH 9.22 · 1013 0 22 501 [32] (analogy)
R3) C6H16O4Ti + H2O ! C3H10O4Ti + IC3H7OH 6.15 · 1013 0 22 501 [32] (analogy)
R4) C3H10O4Ti + H2O ! H4O4Ti + IC3H7OH 3.08 · 1013 0 22 501 [32] (analogy)

Table 2: Four-step submechanism for TTIP hydrolysis for models 4 and 5. Reaction R4 is not considered in model 5. A, � and
E are the pre-exponential constant, the temperature dependency and the activation energy, respectively, of an Arrhenius law.

Among them, monodisperse models provide a reason-
able estimation of the aerosol process for a small CPU
cost to perform extensive parametric studies on 2-D
and 3-D configurations and/or numerical simulations
of turbulent realistic burners. In this work, a three-
equation model originally developed for soot [34] is
adapted to the description of TiO2 formation. Three-
equation models are often used for the simulation of
metal-oxides flame synthesis (cfr. for example, [35–
37]). The main difference with the model considered
in this work is that it accounts for condensation, as
done for example in [14], to investigate the contri-
bution of this process to metal-oxides production in
comparison with nucleation, sintering and coagula-
tion. The retained model is based on the transport
of the total number density Np, the total surface Sp

and the mass fraction Yp = ⇢p⇢
�1fv (⇢ and ⇢p are

the gas and particle density, respectively). The mean
particle volume and surface are vp = fvN

�1
p and

sp = SpN
�1
p , respectively. The mean primary par-

ticle diameter is dp = 6vps
�1
p . Thermophoresis is

accounted for TiO2 nanoparticles and the particle dif-
fusivity is Dp = kbT/(3⇡µdc), where µ is the gas
viscosity. Nucleation, condensation, coagulation and
sintering are described by assuming a monodisperse
population. Their formulation is explicited in the Sup-
plementary Material. In Section 4.2, the sensitivity
of the following model’s parameters will be evalu-
ated: nucleation, condensation, and coagulation col-
lisional frequencies (✏nu, ✏cd,✏cg, respectively) and the
sintering time ⌧sint. Their reference values and addi-
tional model’s details are provided in Supplementary
Material. The modelâC™s parameters were chosen
among values classically retained in the literature for
nanoparticles (soot and metal-oxides) simulations. It
is important to reminded that since a parametric study
is performed, the general conclusions will not depend
on the value initially retained for the reference case.

4. Results
The effect of the different submechanisms is evalu-

ated on TiO2 production in a coflow H2/Ar/TTIP dif-
fusion flame. First, the performances of the five ki-
netic schemes for TTIP conversion are evaluated by
considering the same models for the description of
fuel combustion and solid phase. It has been veri-
fied that the prediction of temperature, velocity and
major species, such as H2O and H2O2, does not vary
between the simulations. At a given height above the

burner z, the conversion yield ⌘(z) of TTIP into TiO2

mass can be defined as the ratio of mass flux of Ti ele-
ments from TiO2 at position z over the inlet mass flux
of Ti elements from TTIP:

⌘(z) =

R R

0
⇢puzW

�1
TiO2

fvrdr

⇢inuin
z W�1

TTIPY
in
TTIPD

2
in/8

(1)

where r is the radial coordinate, uz is the axial ve-
locity and ’in’ indicates inlet conditions. The evolu-
tion ⌘(z) for the five mechanisms is illustrated as a
function of the flame height z in Fig. 2. Results of
fv along the flame centerline normalized by its value
f0
v at z=50 mm are also provided in the bottom. Re-

sults with the five kinetic models are compared to ex-
perimental LII data. When accounting for hydroly-
sis, both global and reduced schemes (models 2 and
4, respectively) predict a too-soon and too-quick con-
version compared to experiments. Even without hy-
drolysis, the global scheme (model 1) over-predicts
the conversion rate. Overall, models 3 and 5 present a
better agreement with the experimental data. By look-
ing at the results on the normalized volume fraction at
the bottom of Fig. 2, it can be deduced that by neglect-
ing the direct conversion of C3H10O4Ti into (OH)4Ti,
the conversion process slows down. Overall, the best
agreement with experiments is observed with model
5. Still, the conversion process seems to be too quick.
It has been verified that the spatial evolution of the
conversion yield is largely governed by the kinetics
of TTIP conversion into (OH)4Ti, almost indepen-
dently from the parameters of the solid phase model.
Thus, results of Fig. 2 seem to indicate that improve-
ments in the description of the kinetic mechanism for
TTIP conversion into gaseous precursors of TiO2 are
needed to more precisely capture the evolution of the
conversion yield along the flame height. However, the
agreement of the model 5 with the experiments can be
considered reasonable enough to perform the sensi-
tivity study on the model’s parameter on nanoparticle
production in the following by focusing on diffusion
and aerosol processes.

4.1. Effect of transport properties of gaseous
T i-containing species

When considering non-premixed configurations,
the diffusive processes are expected to play an es-
sential role in nanoparticle production. To investigate
this, different numerical simulations were performed
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MODEL 1    MODEL 4
MODEL 2    MODEL 5
MODEL 3

f v/
f v0 [-

]

CENTERLINE

MODEL 1    MODEL 4
MODEL 2    MODEL 5
MODEL 3

f v/
f v0 [-

]

CENTERLINE

Fig. 2: Top) Conversion rate along the flame height. Bottom)
TiO2 volume fraction along the flame centerline normalized
by its value f0v at z=50 mm. Results for five submodels for
TTIP conversion are compared to LII results (symbols).

using model 5 and keeping the parameters describing
the aerosol processes unchanged.

The diffusion coefficients DTi
k of Ti-containing

gaseous species were reduced by a factor of 2, 4,
and 10 to study the role of diffusive processes in
nanoparticle production. Results for the 2-D spatial
distribution of fv normalized by the maximum value
fmax
v obtained for each case are illustrated in Fig. 3

and compared to experimental results. For the refer-
ence values of DTi

k , the maximum value of fv is ob-
served at the flame wings, whereas a homogeneous
distribution, similar to the experimental field, is found
when the diffusive process of Ti-gas species is re-
duced. In addition, when considering higher diffusion
for Ti-gaseous species, TiO2 nanoparticles occupy a
wider region compared to experiments. When reduc-
ing the diffusion process, the TiO2 presence region
extends over a smaller zone and a better agreement
with experimental data is retrieved. The axial evolu-
tion of the conversion yield and of the volume frac-
tion along the centerline are compared at Figs. 4a and
b for the different cases. By reducing the contribu-
tion of the diffusive processes, the conversion start is
delayed and a better agreement with experiments is
observed. This is mainly due to the fact that TiO2

presence at the flame roots close to the injection dis-
appears when decreasing DTi

k (see Fig. 3). In addition,
the value of fv along the centerline increases when
reducing the contribution of the diffusive processes
since nanoparticles occupy a narrower region. TiO2

concentration evolves similarly. As a consequence,
the mean primary particle diameter, represented in
Fig. 4c, is higher since its value is governed by the
particle number density through condensation and co-
agulation processes. Overall, a better agreement with
experiments is observed when the contribution of the
diffusive processes of Ti-containing gaseous species
is reduced. To complete the discussion on the diffu-
sive process, a simulation without nanoparticles ther-
mophoresis was performed with 0.1DTi

k . Results are
added to Fig. 3. No significant differences are ob-

tained compared to the corresponding case with ther-
mophoresis. The effect of a higher particle diffu-
sivity, obtained by recalculating Dp by assuming a
constant Schmidt number of 25, is also illustrated
in Fig. 3 for 0.1DTi

k . Increasing nanoparticle diffu-
sivity leads to a quick decay of the volume fraction
along the centerline for z>40 mm. Overall, it can be
concluded that the diffusive processes play an impor-
tant role in the spatial localization and concentration
of nanoparticles, with a direct effect on the primary
particle size in non-premixed cases. It seems also
that the TTIP conversion is predicted too quickly by
the models available in the literature and that, by re-
ducing the diffusion of Ti-containing species, a high
concentration of Ti-species can be found downstream
leading to a higher volume fraction whose maximum
is localized downstream. Even if reducing diffusiv-
ities of Ti-containing gaseous species brings a bet-
ter agreement with experiments, in authors’ opin-
ion, to rigorously improve the prediction accuracy,
it is necessary to develop detailed kinetics mecha-
nisms including additional Ti-species and reactions
up to the Ti-precursors, which still have to be iden-
tified. By adding more intermediate reactions and
species, the TTIP conversion process is expected to
be slow down, consequently localizing downstream
the fv peak. Such developments would require exten-
sive database, which is not available in the literature,
and are out of the scope of this work. In the following,
the models parameters for the gas phase leading to a
better agreement with the experimental data (model 5
and 0.1DTi

k ) will be considered to perform the sensi-
tivity study on the aerosol process.

4.2. Sensitivity to aerosol process parameters
The role of each considered aerosol process (nucle-

ation, condensation, sintering, coagulation) and the
sensitivity of their parameters are evaluated here by
considering them separately. It has been observed that
the volume fraction fv only slightly vary in the simu-
lations proposed in this section, whereas the evolution
of dp strongly depends on them. Thus, only results on
dp are presented here.
First, the effect of the value of the collisional fre-
quencies for nucleation ✏nu and condensation ✏cd
is considered in Fig. 5 by looking at the evolution
of dp along the centerline. The two processes are
competing since they both depend on (OH)4Ti con-
centration. Nucleation will produce nuclei particles,
i.e. the smallest solid particles, whereas conden-
sation increases dp values. When increasing ✏nu,
the nucleation contribution is increased leading to
a smaller value of dp since the available (OH)4Ti
is used to generate the smallest particles. Logi-
cally, the opposite trend is then observed for con-
densation. When decreasing/increasing ✏cd, dp de-
creases/increases. When neglecting condensation, a
quite small dp is obtained far from the experimental
values, proving that in this configuration the sinter-
ing process is not sufficient to predict dp value and
that condensation (and/or surface growth) processes
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Fig. 5: Effect of varying: a) nucleation (✏nu = 0.1�red, 2.5�black, 3.0�blue) and condensation (✏cd = 0�yellow, 0.1�
red, 1.3 � black, 3.0 � blue) collisional frequencies; b) sintering time, c) coagulation collisional frequency. The numerical
mean primary particle diameter is compared to SEM along the flame centerline. In a) a zoom on the early-stage formation zone
is provided, whereas results over the whole flame length are illustrated into the inlay. Numerical results have been obtained
using mechanism 5 and diffusion coefficients for Ti-containing gaseous species given by 0.1 DTi

k . Tested parameters’ values for
sintering and coagulation are indicated in the images.

have to be accounted for. As already deduced for pre-
mixed flames [13], the parameter’s values affect dp in
the early formation zone (z <30 mm), whereas very
similar predictions are obtained for higher heights, as
visualized in the enclosed image in Fig. 5a.
Second, the role of sintering is studied in Fig. 5b,
by considering reduced or enhanced values of ⌧sint.
As expected, bigger dp values are obtained when in-
creasing the sintering contribution, i.e. decreasing the
sintering time. In this case, the predicted primary
particle number np is close to the unity, indicating

that even by additionally enhancing the sintering pro-
cess, no bigger primary particles could be obtained.
The case without sintering is also reported in Fig. 5b.
Small dp values are obtained indicating that sintering
plays an essential role in dp growth in this configura-
tion.
Finally, the role of coagulation on dp is discussed in
Fig. 5c. Even if coagulation does not directly mod-
ify the dp size, it can indirectly affect its value by
forming agglomerates and aggregates that will sin-
ter into spherical particles of bigger diameter, espe-
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cially in the early formation zone where high flame
temperature and small dp values are observed. This
explains why the higher ✏cg , the bigger dp value is
found. When coagulation is neglected, small dp val-
ues are obtained as for the case without sintering,
since in practice sintering cannot contribute to dp in-
creasing. In terms of agreement with the experimental
data, a reasonable agreement is overall obtained even
if too small dp values are observed at the very first
stage, i.e. z <25 mm, indicating the need for future
modelling developments focused on the early stage of
nanoparticle production.

5. Conclusion
In this work, numerical simulations of TiO2 pro-

duction in a laminar coflow H2/Ar/TTIP diffusion
flame have been performed by considering: 1) differ-
ent submodels for the description of TTIP conversion
into Ti(OH)4, i.e. TiO2 gaseous precursor; 2) dif-
ferent transport properties for Ti-containing gaseous
species; 3) aerosol process parameters. The perfor-
mances of the models were compared to available ex-
perimental data. 2-D LII measurements provided the
fv spatial distribution and the evolution of the con-
version rate ⌘ along the centerline, which was used
to evaluate the accuracy of the kinetic models for the
description of TTIP conversion. Subsequently, in-
formation on mean primary particle diameter dp was
used to evaluate the performances of the aerosol pro-
cesses models. The parametric study on aerosol pro-
cesses confirms the conclusions already obtained in
premixed flames [13]. Specifically, nucleation and
condensation parameters only slightly affect the re-
sults for dp downstream of the flame, but their impact
is more evident in the early-stage formation zone, i.e.
at small heights above the burner. On the contrary,
sintering and coagulation processes more largely af-
fect final dp values. Results for the spatial evolution
along the flame of the conversion rate and of the vol-
ume fraction are not significantly affected by the pa-
rameters of the aerosol process model. On the con-
trary, they strongly depend on the gas phase chem-
istry and diffusivity of Ti-containing gaseous species.
Overall, the experimental data can be qualitatively re-
trieved by the retained numerical strategy, even if its
accuracy cannot be assessed due to the lack of an ex-
tensive experimental database. On the contrary, the
early stage formation of nanoparticles (i.e. HAB< 25
mm) cannot be captured with the considered mod-
els, indicating that the development of more accurate
models is needed for the gaseous phase and nanopar-
ticles. For this, additional experiments on diffusion
flames are sought to define and validate the model’s
parameters. In future works, the polydispersity of par-
ticles should also be taken into account to evaluate the
effect of the assumption of a monodisperse TiO2 pop-
ulation on the presented conclusions.
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