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Abstract
Spray flame synthesis is a promising system for the production of nanoparticles with specific properties. For this,
an accurate comprehension of the effect of turbulent flames on nanoparticle production is needed since the parti-
cle characteristics are governed by the local conditions that the particles experience along their trajectory. In this
context, Direct Numerical Simulation (DNS) of academic configurations is of interest to investigate turbulence,
flame and nanoparticle interactions, and to compare the performance of different models. In this work, the classical
case of a flame interacting with homogeneous isotropic turbulence (HIT) is extended to TiO2 nanoparticle flame
synthesis. For this, the interaction between HIT and an H2/air non-premixed flame, doped with titanium isopropox-
ide (TTIP) precursor, is considered. This configuration will allow the characterization of the evolution of particle
size and morphology as functions of various simulation parameters, such as the precursor concentration and the
Reynolds number of the turbulence. The role of mixing, formation, sintering, coagulation and thermophoresis can
be also investigated to provide directions towards possible optimization of the aerosol systems.

Keywords: nanoparticles, direct-numerical simulation, non-premixed flames, homogeneous isotropic turbu-
lence

Introduction
Nanoparticles can be found in a wide range of indus-

trial applications such as healthcare and cosmetic prod-
ucts, food supplements, paint pigments and reinforce-
ment catalysts [1–5]. Among diverse techniques, spray
flame synthesis is a promising system for large-scale
production of the final powder with controlled morphol-
ogy and properties [6, 7]. However, the optimization
of nanoparticle flame synthesis to produce high-quality
materials requires a deep understanding of the physical
processes occurring in the turbulent flame. Specifically,
the final powder properties are the result of the gaseous
conditions experienced by the particles during their tra-
jectory through the flame, which are mainly governed
by turbulence [1, 8]. Thus, the characterization and un-
derstanding of the multi-scale coupling between turbu-
lence, flame, and nanoparticles are required.

For this purpose, Direct Numerical Simulation
(DNS) of homogeneous isotropic turbulence (HIT) aca-
demic configurations is classically considered to inves-
tigate flame-turbulence interaction [9, 10]. The final ob-
jective of this research activity consists in extending this
academic configuration to the study of TiO2 production
to understand the effect of turbulence on TiO2 nanopar-
ticle flame synthesis. In this work, the simplest case will
be presented as a first step towards such understanding
but also to propose a reference configuration that can be
considered by various research groups as a starting point
to evaluate and compare the performances of newly de-
veloped models. For this simplest case, combustion is
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still not considered and TiO2 is already nucleated.
The remainder of the paper is structured as follows.

First, the three elements constituting the configuration
are presented in the most general version: turbulence,
flame and nanoparticles. Then, the simplest case, here
considered as the reference, will be presented together
with the first results.

Numerical approaches
To investigate and constitute a canonical case to-

wards TiO2 flame synthesis, three major elements - tur-
bulence, combustion and solid particles - and their roles
on the multi-scale phenomena need to be identified. For
this purpose, a two-dimensional square domain of size
Lx ×Ly = L2 is discretized by Nx ×Ny points with spac-
ing ∆x = ∆y.

Turbulence:
The turbulent gaseous field is initialized using a non-

reacting decaying HIT adopting the analytical energy
spectrum described by Passot and Pouquet [11]:

E(κ) =
16upκ4√

π/2κ5
0

exp
(
−2κ2

κ0

)
(1)

where up is the fluctuation velocity and κ0 is the wave
number at which the maximum of energy E(κ) oc-
curs. The turbulence level of the flow is defined by the
Reynolds number Ret = ltup/ν . The integral length lt
represents the largest scales of the flow with viscosity
ν , while the dissipation scale is characterized by the
Kolmogorov length scale η . In addition, the Taylor-
scale Reynolds number Reλ = λup/ν can be used for



the characterization of turbulence, where λ is the Taylor
length scale for the inertial subrange.

Once the initial spectrum is imposed, the calculation
is run for t = 10τc, where τc = up/L is the convective
time scale and L is the domain size. This guarantees
that the turbulence is fully developed. However, the tur-
bulence also decays as physical time progresses. For
a two-dimensional HIT, this can lead to a case which
is not representative of a turbulent flow. The larger
scales lt should be resolved for a size three times smaller
than the domain size L. In addition, the computational
mesh size ∆x should resolve the size at least five times
smaller than the dissipation scale, guaranteeing the rela-
tion η ≥ 5∆x.

Combustion:
The mixture in the domain needs to be initialized

to characterize the combustion process. The mixture-
fraction profile ψ is described using a hyperbolic tan-
gent function in the x direction while a zero-gradient is
imposed for the y direction:

ψ (x) = 0.5
[

1+ tanh
(

c(Rd(x)−R)
R

)]
(2)

with
Rd (x) = |x−0.5L| (3)

where c = 3 and R = L/16. The fuel mass fraction Yf
and oxidizer mass fraction Yo are defined as follows:

Yf (x) = Y 0
f (1−ψ (x)) (4)

Yo (x) = Y 0
o ψ (x) (5)

The temperature profile T (x) is imposed by computing
the equilibrium temperature for the local mixture frac-
tion following the procedure of Abdelsamie et al. [12].
The normalized fuel mass fraction Yf (x)/Y 0

f and tem-
perature θ (x) = (T (x)−T1)/(T2 −T1) are displayed in
Figure 1.

Figure 1: Initialization of fuel mass fraction and temperature
profiles.

Two peaks of the temperature are observed, identi-
fying two flame fronts. The flame thickness is then cal-
culated using the following definition [13]:

δ
0
L =

T2 −T1

max
(

∂T
∂x

) (6)

The flame thickness should be resolved by at least seven
points to precisely resolve chemical-reaction processes.
Consequently the computational mesh of size ∆x should
also be chosen to guarantee δ 0

L ≥ 7∆x.

Nanoparticle modeling:
The formation and evolution of TiO2 are described

using the monodisperse three-equation model of Kruis
et al. [14], with the addition of the thermophoretic ef-
fect. The model is based on the transport of the number
density N, the total surface area A, and the total vol-
ume V of the nanoparticles [15, 16]. It relies on the
assumption that all aggregates have the same size with
the same number of primary particles at a given loca-
tion at a given time [16], i.e., a monodisperse model.
The three-equations are as follows:

∂N
∂ t

+∇ · (Nu−Ds∇N) = −1
2

βN2︸ ︷︷ ︸
coagulation

+ I︸︷︷︸
nucleation

(7)

∂A
∂ t

+∇ · (Au−Ds∇A) =−1
τ
(A−Nas)︸ ︷︷ ︸
sintering

+ Ia0︸︷︷︸
nucleation

(8)

∂V
∂ t

+∇ · (V u−Ds∇V ) = Iv0︸︷︷︸
nucleation

(9)

where Ds = ν/Scs with ν the gas viscosity and Scs is a
constant subgrid Schmidt number. This effective diffu-
sivity is needed to account for the fact that the nanopar-
ticle ligaments are extremely thin so that they can not
be resolved on the grid used for turbulence and com-
bustion. Therefore, the proposed simulations will fully
resolve the spatial scales of the flow and the flame but
not those of the nanoparticles.

The effective velocity of the gas u = ug + uT con-
siders the convection of gas flow velocity ug and the
thermophoresis velocity computed by uT. The ther-
mophoretic velocity is driven by the fluid temperature
gradient and is given by [17]:

uT =−Cthν
∇T
T

(10)

where Cth = 0.554 [18]. The primary particle diameter
dp, the aggregate diameter da and the collision diameter
dc are computed as follows:

dp =
6V
A

(11)

da =

(
6V
πN

)1/3

(12)
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dc = dp

(
6V

πNd3
p

)1/D f

(13)

where D f is the mass fractal-like dimension for aggre-
gates.

Three main processes - nucleation, coagulation and
sintering - are considered. Nucleation is the formation
of solid nuclei from gaseous precursors. The nucleation
source term I can be computed differently depending on
the precursor, combustion process and kinetic mecha-
nism considered. Nucleation is then followed by coagu-
lation and sintering processes [1].

The sintering rate determines the shape of nanoparti-
cles, reducing the particle surface area at a constant vol-
ume and changing its fractal dimension [1, 4]. It mainly
occurs in the high-temperature regions and is controlled
by a characteristic sintering time τ [19].

Coagulation is the process in which two existing par-
ticles combine into a single one [1]. The coagulation
kernel β defines the collision rate of the particles and is
defined by [15]:

β = 4πdcD

[
0.5dc

dc +g
√

2
+

D
√

2
0.5cdc

]−1

(14)

The transition parameter g, length l and particle velocity
c are given by

g =
(dc + l)3 −

(
d2

c + l2
)1.5

3ldc
−dc (15)

l =
8D
πc

(16)

c =

√
8kbT
πρsV

(17)

where kb is the Boltzmann constant and ρs is the solid
particle density. To calculate the particle velocity, the
particle diffusivity D is here computed using the Stokes-
Einstein equation:

D =
kbT

3πρsνdc
(18)

Reference configuration
The DINO numerical code [20] is used for the

present simulations. A two-dimensional domain of size
L2 = 0.01 m× 0.01 m with periodic boundary condi-
tions is discretized with a computational mesh of N2

x =
10242 grid points. To synthesize the initial HIT, a uni-
form distribution of viscosity ν = 1.49× 10−5 m2/s is
imposed. Input values of 5 m/s and 2094.39 m−1 are
chosen for up and κ0, respectively, to generate the initial
Passot-Pouquet spectrum. The parameters to generate
the spectrum and the computational domain information
are summarized in Table 1.

The characteristic time is tc = 2 ms, calculated from
the values of Table 1, and the simulation is ran through
t = 10τc = 20 ms to obtain fully developed turbulence.

Input parameters Computational mesh
up [m/s] κ0 [m−1] N2

x L2 [m2] ∆x [m]

5.0 2094.39 10242 0.012 9.76×10−6

Table 1: Input parameters for energy spectrum and computa-
tional mesh information.

Figure 2 shows the energy spectrum obtained from the
input parameters of Table 1 and the spectrum obtained
from the simulation at 10τc. The turbulent energy dis-
sipates due to the viscous effects, while the energy con-
tained in the largest scales near lt is transferred to the
smaller scales η .

Figure 2: Energy spectrum obtained at t = 0 and t = 10τc.

The properties obtained from the decaying HIT field
at t = 0 and t = 10τc are displayed in Table 2. The corre-
sponding vorticity fields are displayed in Fig. 3. At t =
10τc, the fluctuating velocity obtained is up = 3.02 m/s
and the Taylor-scale Reynolds number is Reλ = 635.
The calculated Kolmogorov scale is η = 63× 10−6 m,
while the integral scale is lt = 3 mm. As a consequence,
lt ≈ 47η . In Table 2, the turbulent Reynolds number is
computed using Ret = E1.5up/εν where ε is the dissi-
pation of the gaseous field.

Figure 3: Instantaneous vorticity fields at (a) t = 0 and (b)
t = 10τc.

Two major vortices of the size of order lt are formed
as shown in Figure 3b. The largest scales obtained rep-
resent eddies three times smaller than the domain, where
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t [ms] up [m/s] Reλ Ret lt [mm] η [m]

0 4.08 258 8208 0.985 29.8×10−6

20 3.02 635 49462 3.0 63.2×10−6

Table 2: Turbulence parameters obtained at t = 0 and t = 10τc.

3lt ≈ L. In addition, the computational mesh established
guarantees the description of the Kolmogorov scale en-
countered, using criteria η ≥ 5∆x. The obtained instan-
taneous fields are superposed with the temperature and
nanoparticle initial profiles, and the simulation time is
reset to t = 0.

For the flame structure, the simplest case is con-
sidered here: chemical reactions are not activated, and
only mixture fraction and temperature are computed.
The mixture fraction for H2/air is computed using Y 0

f =

Y 0
H2

= 0.056 and Y 0
o = Y 0

O2
= 0.23. N2 is added every-

where in the mixture:

YN2 (x) = 1−YH2 (x)−YO2 (x) (19)

The temperature is calculated for local species and then
imposed. The maximal temperature obtained is T2 =
1937.8 K for YH2 = 0.019, while the minimal temper-
ature is T1 = 300 K for YH2 = 0. The flame thickness
obtained is then δ 0

L = 0.2 mm and it is resolved by the
mesh of Nx points using the criteria defined previously.

For nanoparticles, a straightforward case is also
used where TiO2 is already nucleated. The particles
initial profile is intentionally chosen to match the
temperature gradient. Consequently, the peaks of the
initial nanoparticle profile coincide with the maximal
temperature. Pre-defined values of N, S and nanoparti-
cles mass fraction Ys were established as follows:

• At temperature T2


N = 2.65×1019 m−3

S = 38.5 m−1

Ys = 1.0×10−4

• At temperature T1

 N = 0
S = 0
Ys = 0

where the values for peak temperature T2 correspond to
the initial nuclei volume v0 = 0.16 nm3 and the volume
fraction V = 4.36×10−9. The initial profile of nanopar-
ticle number density is displayed in Fig. 4.

Effect of transport and temperature
This section presents the preliminary results consid-

ering only mixing and temperature-gradient effects on
the initial TiO2 distribution. For this, sintering and co-
agulation are deactivated.

Figure 5 presents the instantaneous temperature at
different simulated times t = 0.24tc, t = 0.5tc and t =
0.97tc. The two temperature fronts are initially de-
formed by the counter-rotating vortices. Since no reac-
tions are activated, the combustion is not sustained and

the temperature decreases with time as a result of mix-
ing and diffusion. Eventually, the two fronts merge. The
temperature front is largely deformed and wrinkled by
the turbulent field. Overall, a quite homogeneous distri-
bution of temperature is found.

Figure 4: Initial TiO2 number density profile.

Results for the particle number density are illustrated
in Figure 6. Similarly to the temperature field, the two
TiO2 ligaments are initially deformed by the vortices.
Since particle diffusivity is quite small compared to tem-
perature, the two ligaments can be separately identified
for longer computational times. In the top part of the
domain, the two ligaments join due to the strain-rate ef-
fects normal to the ligaments induced by the flow. In
the bottom part, the ligaments are rolled up by the vor-
tices, where a quite inhomogeneous distribution of num-
ber density is found.

The temperature and particle number density distri-
butions are illustrated in Figures 7 and 8, respectively,
for the simulated times t = 0, t = 0.24tc, t = 0.5tc and
t = 0.97tc. Cut-offs at temperature Tc = 350 K and
nanoparticle density Nc = 1016 m−3 are used to con-
sider only the regions of interest. In Figure 7b, the
temperature has a bimodal distribution. As thermal dif-
fusion and convection occur, the mixture temperature
converges towards a homogeneous distribution (Fig. 7c
and Fig. 7d). In Figure 8, the peak of particle number
density moves from higher concentrations to lower con-
centrations as a consequence of particle transport and
thermophoresis. The maximal concentration of particles
also decreases with time.

Conclusions
In this on-going work, the bases are set for DNS of

TiO2 nanoparticle synthesis subjected to homogeneous
isotropic turbulence. This configuration is of interest
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Figure 5: Instantaneous temperature fields at (a) t = 0.24tc, (b) t = 0.5tc and (c) t = 0.97tc.

Figure 6: Instantaneous particle concentration fields at (a) t = 0.24tc, (b) t = 0.5tc and (c) t = 0.97tc.

Figure 7: Temperature probability distribution at (a) t = 0 (b)
t = 0.24tc, (c) t = 0.5tc and (d) t = 0.97tc.

to represent the interactions between the flame, turbu-
lence and nanoparticles. A general formulation for the
HIT, flame structure and the population balance equa-
tion is provided in analogy with well-established work
of purely gaseous configurations. A reference case is
proposed to allow the simplest relevant simulation.

First results of the temperature field and TiO2 num-
ber density are presented as functions of time. The re-
sults illustrate the important effect of vortices and mix-
ing on nanoparticles transport. However, diffusion and

Figure 8: Particle number-density probability distribution at
(a) t = 0 (b) t = 0.24tc, (c) t = 0.5tc and (d) t = 0.97tc.

thermophoretic effect also play an important role and
are still under investigation.

Although the simplest simulation is perhaps lim-
ited to represent a turbulent flow, it is a first step to-
wards the characterization of the interactions between
the flame, turbulence and nanoparticles and it can be
considered easily by various research groups in order to
evaluate the performances of developed models. Inves-
tigation in three-dimensional and forced HIT will com-
plement this work in order to better characterize the ef-
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fects of turbulence. For future applications, combustion
and source terms will be considered to analyze TiO2
size and morphology evolution by considering a wide
range of turbulent fields at different Reynolds numbers
and with different initial configurations for the non-
premixed gaseous mixture. Ultimately, we wish to ob-
tain a detailed understanding of how the flame synthesis
process can be modified to achieve optimal nanoparticle
properties.
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