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A B S T R A C T

Spherically-symmetric, isolated droplets are ideal systems to investigate the physics and the chemistry
of combustion of liquid fuels. Despite their simplicity, most phenomena involved in spray combustion are
still accounted for: evaporation and diffusion-induced transport, complex liquid thermodynamics, radiation,
aerosol chemistry. In this work we analyzed the formation and evolution of soot particles and aggregates from
the combustion of n-heptane isolated droplets. A 1D mathematical model including detailed description of
thermodynamics and transport properties of liquid and gaseous phases, radiative heat transfer, and detailed
homogeneous chemistry is adopted. Soot formation and evolution is described via a discrete sectional method,
accounting for nucleation, surface growth, coagulation, aggregation, and oxidation.

The mathematical model was utilized in this study to investigate how the initial diameter of droplets affects
their tendency to form soot. The simulations were specifically designed to examine the experimental findings
of Choi et al. (2001), which indicated that droplets with intermediate diameters (∼ 1.9 mm) result in the
highest soot volume fraction. The numerical results reveal that this maximum is due to a competition between
two phenomena: (i) increasing droplet diameter leads to a longer lifetime, thereby promoting soot formation,
but (ii) larger diameters cause more radiative losses, lower flame temperatures, and subsequently, a decrease
in soot formation.
1. Introduction

The combustion of liquid fuels is significant in various applications,
including industrial burners, furnaces, and diesel engines, due to their
high-energy density per unit volume. Typically, the combustion process
of liquid fuels involves a series of stages, including atomization (spray
formation), vaporization, mixing of the fuel vapors with air, ignition,
flame development, and stabilization. The complex interactions among
the droplets of a spray make fundamental and numerical studies of
combustion of liquid fuels highly intricate. To simplify the analy-
sis of the physical and chemical aspects of liquid fuel combustion,
one strategy is to consider spherically-symmetric, isolated droplets.
Despite the system’s simplicity, most phenomena involved in spray
combustion are still taken into account, including evaporation and
diffusion-induced transport, complex liquid thermodynamics, radiation,
and aerosol chemistry. In this configuration, the droplet and flame are
concentric, and gas flow is entirely due to evaporation.

If soot is produced during the burning process, the soot particles
and aggregates will be trapped between the droplet and the flame by a
balance of the inwardly directed thermophoretic force and outwardly
directed drag force due to evaporation of the fuel [1]. The resulting soot
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shell is a porous spherical shell-like structure. Experimental activities
focused on soot formation around isolated fuel droplets were widely
carried out via reduced-gravity experiments. The shell-like structure
of soot, placed between the flame layer and the droplet surface, was
first observed by Kumagai et al. [2]. Soot shells were also reported and
discussed by several groups during the years [3–6]. In particular, the
key-role of thermophoresis in the context of the soot shell was recog-
nized for the first time by Knight and Williams [7]. More specifically,
the structure of the flame enclosing the droplet was then studied by
Mikami et al. [8], showing that the reaction zone is located outside of
the yellow luminous zone, whose color is due to radiation from soot.
The transient evolution of soot volume fraction was quantified in later
works: the maximum values were found to be between 10 and 100 ppm,
i.e., more than one order of magnitude higher than what observed in
gas-phase diffusion flames with the same fuels [9,10].

This work analyzes the formation of soot in combustion of iso-
lated droplets of n-heptane by means of a mathematical model, which
includes detailed description of thermodynamics transport properties
for both the liquid ad gaseous phases, and radiative heat transfer.
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Fig. 1. Peak soot volume fraction for n-heptane droplets as a function of the initial
droplet diameter 𝐷0. Symbols are experimental points [12]. The dotted line is a curve
fitting the experimental data. The solid line represents the numerical results (described
in Section 4).

Combustion of n-heptane is modeled via a detailed kinetic mechanism,
coupled with a Discrete Sectional Model for describing the formation
and evolution of soot particles and aggregates. The adopted numerical
framework is the same already adopted in Stagni et al. [11], where the
emphasis was in the identification and analysis of the most relevant
sub-models (thermophoresis, radiative heat transfer, etc.) to correctly
describe the droplet combustion from a physical point of view. The
satisfactory agreement with the experimental data (flame temperature,
flame and soot shell standoff ratios, vaporization rates) demonstrated
the reliability and suitability of the numerical framework to study the
formation and evolution of soot from combustion of isolated n-heptane
droplets.

The objective of the present paper is to explain on a numerical
basis the experimental measurements of Choi et al. [12] and reported
in Fig. 1. In their experiments, Choi et al. measured the peak of soot
volume fraction in the combustion of isolated fuel droplet as a function
of the initial diameter 𝐷0 of the droplet. A non-monotonic behavior was
observed, with a maximum of soot volume fraction for 𝐷0 ∼ 1.9 mm.
The authors suggested a possible explanation on the basis of radiative
heat transfer: increases in 𝐷0 produce larger radiative losses (due to
both soot and non-luminous components), reducing the temperatures
below threshold values required for additional soot formation. In the
present work we numerically investigated this hypothesis, demonstrat-
ing that the non-monotonic behavior is the result of a competition
between the radiative loss (leading to lower flame temperatures) and
the droplet lifetime.

The paper is organized as follows. Firstly, we provide a summary
of the mathematical model adopted in this study. Next, we present
and discuss the principal findings, accompanied by a comprehensive
kinetic analysis of soot formation and oxidation. Lastly, we report the
key conclusions of our study.

2. Mathematical model

The mathematical model (already presented and discussed in [13])
describes the combustion of an isolated fuel droplet in a gas-phase en-
vironment, in 1D spherical-symmetric conditions. The main following
assumptions are taken into account: (i) spherical symmetry and absence
of natural convection effects; (ii) constant pressure; (iii) no reactions
in liquid phase; (iv) thermodynamic equilibrium at the liquid/gas
interface. The conventional transport equations for total mass, energy,
and species are included for both the liquid and the gaseous phase,
together with proper boundary and initial conditions. The complete
set of equations is provided in the Supplementary Material (SM). Here
below we provide some details about the modeling of thermophoresis
and radiative heat transfer, playing a key-role in soot formation around
isolated fuel droplets.
2

2.1. Thermophoretic effect

The thermophoretic effect on carbonaceous particles produced by
the combustion process is included in the model. The thermophoretic
velocity 𝑣𝑡ℎ is given by the following expression [14]:

𝑣𝑡ℎ = −𝑉𝑡ℎ,𝑟
𝜇𝐺
𝜌𝐺

∇𝑇𝐺
𝑇𝐺

(1)

where 𝜇𝐺 is the dynamic viscosity, 𝜌𝐺 the density, 𝑇𝐺 the temperature,
and 𝑉𝑡ℎ,𝑟 the thermophoretic diffusivity (or reduced thermophoretic
velocity). Stagni et al. [11] provided an extensive discussion about
the estimation of such thermophoretic diffusion and compared differ-
ent theoretical model and assumptions. The description is particularly
complex, because thermophoretic velocities depend on primary particle
sizes (related to the open structure of the aggregates). In the present
work, 𝑉𝑡ℎ,𝑟 = 0.654 is assumed.

2.2. Radiation

The transport equation for energy in the gaseous phase accounts for
the radiation contributions from non-luminous gases (mainly CO2 and
H2O) and luminous soot particles. Different approaches, with different
levels of accuracy and complexity, are available in the adopted code
to model the radiative heat transfer: the optically-thin model, the
analytical solution proposed by Viskanta and Merriam [15], the P1
radiation model, and the Discrete Ordinates Model (DOM) [16]. In
the present work we adopted the P1 model, which represents a good
compromise between computational load and accuracy.

2.3. Boundary and initial conditions

Symmetry conditions are imposed in the center of the droplet 𝑟 = 0.
At the outer boundary 𝑟 = 𝑅∞ (with 𝑅∞ ∼100 times the initial droplet
radius), Neumann’s boundary conditions are adopted. To enforce the
ignition, a temperature profile peaking at ∼2200–2400 K is imposed
as initial condition in the proximity of the liquid interface. Additional
details are reported in the SM, to demonstrate that the droplet and
soot evolution are only marginally affected by the ignition procedure.
Although in experimental devices the spark- or hot-wire-ignition might
in principle compromise the spherical symmetry, this effect is neglected
in this model, as already done in previous works [13,17].

2.4. Numerical solution

The overall model consists of a system of partial differential equa-
tions for the liquid and gaseous phases. The two sets of equations
share the liquid/gas droplet surface, where proper interface conditions
are prescribed. Boundary conditions are defined at the droplet center
and at the outer radius of the gaseous phase surrounding the droplet.
The partial differential equations are numerically solved through the
method of lines, which consists in discretizing the spatial derivatives
only, leaving the time variable continuous. In particular, the spatial
discretization, based on the Finite Difference Method (FDM), is applied
on a 1D moving spatial mesh. The convective terms appearing in
the governing equations are discretized using the first-order upwind
discretization for stability reasons, while the second-order derivatives
associated to the conduction/diffusion terms are discretized using a
second-order centered scheme. After spatial discretization, the original
problem is transformed into a DAE (Differential–Algebraic Equations)
system, i.e., a set of differential equations in time and algebraic equa-
tions corresponding to boundary conditions and liquid/gas interface
conditions. Such a DAE system is solved by a specifically conceived DAE
solver for stiff problems, which exploits the block-tridiagonal structure
of the associated Jacobian matrix. The DAE solver is based on the
BDF technique [18] and it is derived from the BzzDae solver [19,20].
Sensitivity analyses were carried out to test the independence of the
solution to the number of grid points. Additional details are available
in the SM.
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3. Kinetic model

The kinetic model adopted consists of 226 species and 10358 re-
actions, coupling gas-phase [21] and soot [22] chemistry. Specifically,
the soot sub-model is developed through a discrete sectional approach.
Heavy PAHs and soot particles are discretized into 25 sections of
lumped pseudo species, called BINs, from 20 to 3 ⋅ 108 C-atoms, with
a spacing factor of two between the number of C-atoms of adjacent
sections. BIN1-4 represent large PAHs, while BIN5, with 320 C-atoms
(𝐷𝑝 ∼ 2 nm), is the smallest soot particle. Soot particles from BIN5
to BIN12 are considered spherical. BIN12, with 4 ⋅ 104 C-atoms (𝐷𝑝
∼ 10 nm), is selected as the primary particle, i.e., the building block
of soot aggregates. An increasing density from nascent to mature soot,
i.e., from 1.1 g/cm3 for BIN5 to 1.85 g/cm3 for BIN25 (𝐷𝑝 ∼ 190 nm),
is also implemented. Furthermore, three hydrogenation levels (A, B,
C) are considered for each BIN to account for dehydrogenation and
aging processes [22]. Based on both experimental [23,24] and the-
oretical [25] evidence, large gas-phase and solid aromatic structures
from BIN4 (160 C-atoms) are considered persistent radicals and they
are not distinguished from their closed-shell counterparts, thus allowing
to strongly reduce the number of soot species included in the kinetic
model. Detailed information about the soot model and its validation
can be found in previous studies [26,27].

4. Results and discussion

According to the classical theory of isolated droplet evaporation and
combustion, the vaporization rate 𝐾 of isolated droplets is predicted
to be constant and independent of time and initial droplet diameter
𝐷0 [28]. However, experiments carried out in microgravity conditions
on large droplets show that 𝐾 decreases as 𝐷0 increases, with possible
additional dependency on time [10]. Scale analyses [1] and numerical
simulations [17,29] demonstrated that this phenomenon is explained
by the increasing radiative heat loss from the flame with increasing
𝐷0, leading to a significant decrease of flame temperature 𝑇𝑓 , which
produces a decrease in the vaporization rate 𝐾. The numerical simula-
tions carried out on pure n-heptane droplets confirm the experimental
observations and identify three vaporization regimes based on 𝐷0, as
depicted in Fig. 2 (continuous lines):

1. Regime I (diffusive regime): for sufficiently small droplet diam-
eters (𝐷0 < 0.6 mm), the vaporization rate 𝐾 and the flame
temperature 𝑇𝑓 are independent of 𝐷0 (in agreement with the
theory);

2. Regime II (intermediate regime): for intermediate 𝐷0 values
(0.6 < 𝐷0 < 2.2 mm), the vaporization rate 𝐾 decreases with
increasing 𝐷0, mainly because of the increasing role of heat loss
from the flame, which produces a significant decrease of flame
temperature 𝑇𝑓 ;

3. Regime III (radiative-extinction regime): for large 𝐷0 values
(𝐷0 > 2.2 mm), radiative losses from the flame to the en-
vironment becomes dominant over diffusive transport, leading
to the extinction of the flame. In some cases, a transition to
low temperature combustion (LTC) or cool flames regime (not
considered in the present work) has been observed [17,30].

Simulations carried out without considering radiative heat transfer
Fig. 2, dashed lines) show that the vaporization rate 𝐾 is independent
f 𝐷0, in agreement with theoretical expectations.

Fig. 3 shows the temporal evolution of squared droplet diameter
2 and flame stand-off ratio (𝐷𝑓∕𝐷, where 𝐷𝑓 is the diameter cor-

esponding to 𝑇𝑓 and 𝐷 is the current droplet diameter) for droplets
ith different initial diameters, selected in the three different vapor-

zation regimes. The largest droplet (𝐷0 = 2.4 mm) shows a radiative
xtinction, which is easily identified by the change of slope of 𝐷2 curve
nd the disappearance of the flame. Even if the flame extinguished,
3

aporization still takes place because of the high temperature of the
roplet. The numerical prediction of radiative extinction is usually very
ensitive to the radiative heat transfer and the optical properties of
he gaseous environment. No additional investigations were carried out
ere, because of marginal relevance of these aspects to the purposes of
his work. More details can be found in [11].

As explained and numerically demonstrated by Stagni et al. [11]
Fig. 9), if soot is produced during the burning process, the soot
articles are trapped in the region between the droplet surface and
lame front (i.e., where the maximum temperature occurs), as a result
f the competition between the convective flow generated by fuel
vaporation (Stefan flow) and thermophoresis, due to the large tem-
erature gradients close to the droplet surface. Indeed, soot particles
re exposed to both the convective velocity directed outwardly and the
hermophoretic velocity, which is directed inwardly (diffusion velocity
an be assumed to be negligible). Accumulation occurs where the net
elocity experienced by the particles is null. Fig. 4 shows the calculated
patial profiles of temperature and soot volume fractions at several
imes for a 𝐷0 = 1 mm droplet: the thickness of the sooting region
ecreases in time, but the peak of soot volume fraction continuously
ncreases, leading to the formation of a soot shell, in agreement with
xperimental observations.

Fig. 1 shows the peak soot volume fraction predicted by the simu-
ations as a function of the initial droplet diameter 𝐷0, compared with
he experimental data introduced at the beginning of this work. Even
f the numerical simulations confirm the non-monotonic behavior, the
uantitative agreement with the experimental data is not completely
atisfactory. The maximum soot volume fraction is overestimated by a
actor of ∼ 2 and the predicted maximum location occurs at ∼ 1 mm,
hile the experimental maximum is located at ∼ 2 mm. However,
espite these discrepancies, the numerical results are valuable, since
hey are able to capture experimental trend, which is the main purpose
f the present work. In evaluating the quality of the numerical results,
t is important to keep in mind some points:

1. The system under investigation is extremely complex from the
physical and chemical point of view, including multiple phases,
evaporation, radiation and homogeneous and heterogeneous re-
actions. Simplifications and assumptions in the description of
some phenomena are unavoidable (for example, spherical sym-
metry, ignition process, soot model), which may introduce devi-
ations from the experimental data.

2. Due to the complexity of the system, it is reasonable to imag-
ine that experimental measurements are also affected by errors
(unfortunately not reported in [12]).

3. No ad hoc tuning of individual sub-models was considered in
the present work. In principle, there is room to improve the
agreement with the experimental data, especially working on
more advanced radiative heat transfer model.

By combining the observations and the analyses reported above,
the experimental trend can be explained on the basis of a competition
between the time available for soot formation (i.e., the droplet life-time,
𝑡𝑙𝑖𝑓𝑒) and the chemical time 𝑡𝑐ℎ𝑒𝑚 governing the soot formation. More
pecifically, the droplet life-time 𝑡𝑙𝑖𝑓𝑒 increases with the initial diameter
ccording to 𝑡 ∼ 𝐷2

0 (page 34 of [28]). The characteristic chemical time
an be written as the inverse of a pseudo-first-order kinetic constant,
hich is a function of the flame temperature 𝑇𝑓 according to the
rrhenius’ law:

𝑐ℎ𝑒𝑚 ∼ 1
𝑘𝑠𝑜𝑜𝑡

∼ 𝑒
𝐸

𝑅𝑇𝑓 (2)

where a global activation energy 𝐸 = 30 kcal∕mol, based on [22], is
assumed for the soot formation process.

By looking at the flame temperature reported in Fig. 2, it is clear
that 𝑡𝑐ℎ𝑒𝑚 increases with the droplet diameter 𝐷0, since the flame
temperature 𝑇 decreases. Thus, both 𝑡 and 𝑡 increase with 𝐷 ,
𝑓 𝑙𝑖𝑓𝑒 𝑐ℎ𝑒𝑚 0
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Fig. 2. Vaporization regimes in combustion of isolated fuel droplets of pure n-heptane. Left panel: Average vaporization rate 𝐾 as a function of 𝐷0; Right panel: Flame temperature
𝑇𝑓 (defined as the maximum temperature in the gaseous phase during the quasi-steady vaporization stage) as a function of 𝐷0.
Fig. 3. Temporal evolution of squared droplet diameter 𝐷2 and flame standoff ratio
𝐷𝑓 ∕𝐷 for droplets with different initial diameters.

Fig. 4. Radial profiles of soot volume fraction and temperature for a n-heptane droplet
of initial diameter of 1 mm at times t=1.0 s and t=1.5 s. Continuous lines: soot volume
fraction; dashed lines: temperature.

but with different rates. The result is that their ratio has a maximum,
as reported in Fig. 5. More specifically, the maximum is located at
𝐷 ∼ 1 mm, which is approximately the diameter size at which the
4

0

Fig. 5. Comparison of characteristic times to explain the non-monotonic behavior of
soot volume fraction as a function of the initial diameter. The characteristic times are
evaluated by an order of magnitude analysis.

numerical simulations predicted the maximum of soot volume fraction
(see Fig. 1).

Additional simulations were performed without considering the
radiative heat transfer (from both gaseous phase and soot particles and
aggregates). Without the inclusion of radiative heat transfer, the soot
production increases exponentially with the droplet diameter (mainly
because of the larger flame temperatures coupled with), reaching local
mass fractions close to ∼ 1. More specifically, the model is not able to
return a solution for droplets larger than ∼ 1.2 mm. In fact, the modeling
assumptions at the basis of the adopted numerical framework (accord-
ing to which the soot sections, i.e. the BINs, are treated as gaseous
pseudo-species) are not compatible with such large soot production.
However, in our opinion, the unrealistic soot volume fractions obtained
without radiation further suggest that the experimentally observed non-
monotonic behavior is the result of the competition between radiation
and droplet lifetime. More details can be found in the SM.

The numerical results were investigated to further support the pro-
posed explanation, based on the competition of characteristic times.
Fig. 6a shows the temporal evolution of peak soot volume fraction
𝑓𝑚𝑎𝑥
𝑣 and flame temperature 𝑇𝑓 for droplets with initial diameters of

0.6, 1 and 2.4 mm. As discussed before, because of radiative heat loss,
the flame temperature decreases with increasing 𝐷0 and this easily
explains why 𝑓𝑚𝑎𝑥 for the larger droplet (𝐷 = 2.4 mm) is so small. The
𝑣 0
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Fig. 6. (a) Temporal evolution of peak soot volume fraction 𝑓𝑣𝑚𝑎𝑥 (continuous lines) and flame temperature 𝑇𝑓 (dashed lines) for droplets with initial diameters of 0.6, 1.0 and
2.4 mm. (b) Temporal evolution of total mass of soot for a droplet with initial diameter of 1 mm. Dashed lines refer to results without including oxidation of soot. 𝑉𝑡ℎ,𝑟 is the
thermophoretic constant appearing in Eq. (1).
smaller droplet shows a strong tendency to soot formation, apparent
from the sudden increase in 𝑓𝑚𝑎𝑥

𝑣 and mainly due to the larger flame
temperature, but is unable to reach the same level of soot volume
fraction ( 120 ppm) experienced by the intermediate droplet (𝐷0 =
1.0 mm) simply because its life-time is too short.

As demonstrated in previous works, thermophoresis plays a major
role in determining the position of the soot shell, leading to soot
concentrations which are usually never reached in conventional com-
bustion systems, like premixed or counter-flow diffusion flames. Fig. 6b
shows the temporal evolution of soot mass in the gaseous phase for
the 1 mm droplet when the thermophoretic velocity is included or not
in the numerical simulation. The impact is very strong: without the
thermophoretic velocity, the total amount of soot decreases by more
than one order of magnitude and basically no soot shell formation can
be observed. Simulations carried out by removing soot oxidation show
a different behavior: the produced mass of soot is very similar in both
cases, i.e. with or without inclusion of thermophoresis. This suggests
that without thermophoresis, soot production still occurs, but soot
particles and aggregates are transported by the convective flow towards
the flame front, where most of them are oxidized. Thus, accumulation
of soot is not possible and no formation of soot shell can occur. On
the contrary, the thermophoretic velocity pushes the soot particles
and aggregates towards the droplet surface, against the convective
flow, preventing (or limiting) their oxidation. This is especially evident
through the comparison of Figs. 6a and 6b: even if the total amount
of soot starts decreasing at 𝑡 ∼ 1.0 s, the corresponding soot peak
volume fraction 𝑓𝑣𝑚𝑎𝑥 continues to increase, even more rapidly, which
indicates that soot particles are pushed by the thermophoretic velocity
in a region which is thinner and thinner (which is the soot shell).

4.1. Kinetic analysis

Kinetic analysis allows to depict the chemical evolution of large gas-
phase polycyclic hydrocarbons (PAHs) towards soot spherical particles
and aggregates varying the initial diameter of n-heptane droplets.

Fig. 7 reports the large PAH mole fraction, the particle number
density and the soot volume fraction fields for n-heptane droplets with
initial diameter of 0.6 mm (Fig. 7a), i.e. at the border of regimes I
and II (Fig. 2), 1.0 mm (Fig. 7b), where the highest PAH and soot
concentrations are reached, and 2.0 mm (Fig. 7c), i.e. at the border
of regimes II and III (Fig. 2). For all the three droplets, large PAHs
rapidly produced from fuel evaporation and combustion (left panels in
Figs. 7a-c), evolve to spherical particles, which primarily contribute to
the overall particle number density [31] (middle panels in Figs. 7a-c),
and finally to larger aggregates (up to ∼ 200 nm), which accumulate
and govern the final soot volume fraction. Fig. 7 also shows that while
5

large PAHs concentrate close to the flame sheet, spherical particles
and then aggregates reach their highest concentrations along the soot
shell, being convected inwardly by thermophoresis. Moving from small
(𝐷0 = 0.6 mm) to large (𝐷0 = 2.0 mm) droplets, large PAH- and
soot particle-dense regions shrink, while the temporal increase of soot
volume fraction on the soot shell is more pronounced for the 𝐷0 =
1.0 mm droplet, i.e. the one with the highest sooting tendency.

Fig. 8 shows the relative contribution of each lumped pseudo species
considered in the soot model for spherical particles (BIN5-12) and
aggregates (BIN13-25) to number density at t = 0.3 s and to volume
fraction at t = 0.5 s for the n-heptane droplet with 𝐷0 = 1.0 mm.
It highlights the dominant contribution of spherical particles to the
maximum number density and the one of aggregates to the peak soot
volume fraction.

Moreover, the evolution over time of the soot particle size distri-
bution function (PSDF) on the soot shell (dashed line in Fig. 7b) for
the n-heptane droplet of initial diameter of 1 mm is reported in Fig. 9.
At 𝑡 = 0.1 s, the PSDF is quasi-unimodal and constituted by spherical
particles (BIN5-12, 𝐷𝑝 < 10 mm). As soot inception and surface growth
proceed, the number density of spherical particles increases, and the
first soot aggregates start forming at 𝑡 = 0.5 s. The transition from
unimodal to bimodal PSDF, also typically observed in laminar premixed
flames [32], becomes evident at 𝑡 = 1.0 s, when the contribution of
coalescence and aggregation prevails. Finally, at 𝑡 = 1.5 s, only soot
aggregates (BIN-13-25, see Fig. 8) are present close to the soot shell
and the tail of spherical particles completely disappears.

Different reaction classes govern soot formation and growth from
gas-phase PAHs, i.e. the soot precursors. Temporal evolution of the
integral, net formation rates of large PAHs, soot spherical particles and
aggregates, and of the rates of the main reaction classes included in the
soot model [22] are reported in Fig. 10 for the 𝐷0 = 1.0 mm droplet.
Qualitatively analogous profiles characterize the droplets with initial
diameters of 0.6 mm and 2.0 mm. Large PAHs form in the early life-
time of the droplet and grow through inception mechanisms up to 4 ms
(I in Fig. 10a), despite concurrent oxidation (Fig. 10b), leading to the
first soot nuclei. Then, spherical particles growth becomes dominant up
to 13 ms (II in Figs. 10a and 10c) until coalescence towards aggregates
occurs. Due to a related steep increase in growth reactions (Fig. 10c),
at 20 ms the net formation rate of spherical particles starts increasing
again (mainly through PAH radical condensation reactions [22]) up to a
second peak at 30 ms (III and IV in Fig. 10a, respectively), when instead
coalescence and agglomeration prevail. Aggregate growth becomes
dominant, leading to the peak in the aggregate net formation rate at
100 ms (V in Fig. 10a). From here on, aggregate formation decreases
due to both temperature reduction (Fig. 6) and oxidation (Fig. 10c),
the latter becoming dominant in the final droplet life-time (VI in
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Fig. 7. Large PAH mole fraction (left panel), particle number density (middle panel) and soot volume fraction (right panel) fields for n-heptane droplets with different initial
diameters: (a) 0.6 mm; (b) 1.0 mm; and (c) 2.0 mm. Dashed black and white lines indicate the location of the flame sheet and the soot shell, respectively.
Fig. 8. Contribution to maximum number density (at 𝑡 = 0.3 s) and to peak soot volume fraction (at 𝑡 = 1.5 s) of the different lumped pseudo species (BINs) adopted in the
kinetic model to describe soot particles and aggregates (BIN13-25) for the n-heptane droplet with 𝐷0 = 1.0 mm.
Fig. 10a), leading to the corresponding soot mass reduction shown
in 6b. HACA (Hydrogen Abstraction Carbon Addition) mechanism,
spherical particle oxidation and dehydrogenation are also reported
in Fig. 10c, but their contribution to the global soot concentration
is limited. The role of HACA mechanism in the soot chemistry was
discussed by Pejpichestakul et al. [27], who showed that acetylene
prompts soot growth indirectly, through addition to the most abundant
PAHs, rather than through direct addition to the heavy aggregates
present in lower concentrations.

The spatial profiles of the main soot reaction classes in a n-heptane
droplet were analyzed in a previous work [11]. Here, radial profiles
of maximum flame temperature and peak soot volume fraction for
𝐷0 = 1.0 mm droplet reported in Fig. 6 are extended to 𝐷0 = 0.6 mm
and 𝐷0 = 2.0 mm droplets for different times (𝑡 = 0.1, 0.5 and
1 s) in Fig. 11a and Fig. 11b, respectively, to further highlight the
main differences on soot evolution varying the droplet initial diameter.
Radially integrated rates of the main soot reaction classes at 𝑡∕𝐷2

0 = 0.1
and 0.5 s/mm2 (11c) and radial profiles of net velocity (Fig. 11d) are
also reported. Independently of 𝐷 , the maximum flame temperature
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0

decreases with time (Fig. 11a). However, from 𝑡 = 0.1 s to 𝑡 =
0.5 s the temperature in the soot formation region (strongly shifted
closer to the flame sheet with respect to the soot-dense region due
to thermophoresis [11]) remains high allowing soot volume fraction
to continuously increase (Fig. 11b). At 𝑡 = 1 s, instead, the sooting
tendency of the three droplets is completely different. The 𝐷0 = 0.6 mm
droplet is already completed consumed (at 𝑡 0.5 s in Fig. 6) so that soot
cannot be further produced; on the other hand, soot volume fraction
further increases for 𝐷0 = 1.0 mm thanks to the still high temperature
(𝑇 > 1500 K) in the soot formation region, conversely for 𝐷0 = 2.0 mm
it decreases due to the low temperature which prevents soot growth
but not oxidation [33]. Indeed, as shown in Fig. 11c, even though for
early life-time (𝑡∕𝐷2

0 = 0.1 s) the 𝐷0 = 2.0 mm droplet features the
highest soot reaction class rates, for 𝑡∕𝐷2

0 = 0.5 s and 𝐷0 = 2.0 mm
only oxidation occurs, conversely for 𝐷0 = 1.0 mm both inception and
growth mechanisms dominates soot chemistry, while for 𝐷0 = 0.6 mm
at 𝑡∕𝐷2

0 = 0.5 s soot oxidation already competes with soot growth.
Finally, from Figs. 11b-d it is possible to observe the correspondence
between the spatial location of the peak soot volume fraction, i.e. the
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Fig. 9. Evolution over time of the soot particle size distribution in the n-heptane
droplet of initial diameter of 1 mm on the soot shell (dashed line in Fig. 7b).

soot shell, and that of the zero net velocity closer to the droplet
surface, which represents a stable equilibrium point for particles and
aggregates, as discussed by Stagni et al. [11].

5. Conclusions

In this work we numerically investigated the formation of soot
particles and aggregates in the combustion of spherically-symmetric,
isolated fuel droplets of n-heptane. A 1D mathematical model, includ-
ing detailed description of thermodynamics and transport properties of
liquid and gaseous phase, radiative heat transfer, and detailed kinetics,
was adopted. Soot formation and evolution was included via a Discrete
Sectional Model, extensively validated in premixed and diffusion lami-
nar flames, which accounts for the most relevant chemical and physical
phenomena (nucleation, surface growth, coagulation, aggregation, and
oxidation).

The mathematical model was adopted to explain the non-monotonic
tendency to soot formation with the initial droplet diameter, experi-
mentally reported for isolated large droplets (𝐷0 = 0.5 − 3 mm). The
numerical simulations showed that the maximum of soot formation
occurring for droplets with intermediate initial diameters is the result
of the competition of two phenomena: on the one hand, the increase in
droplet diameter tends to increase soot formation due to the longer life-
time of the droplet itself; on the other hand, however, larger diameters
correspond to larger radiative losses, leading to a decrease in the flame
temperature, which slows down soot formation reactions, leading to a
decrease in soot.

Kinetic analysis highlighted the different evolution of large PAHs,
spherical particles and aggregates varying initial droplet diameter.
When the latter increases, spatial and temporal fields of soot and its
precursors shrink. Specifically, after 0.5 s, the 𝐷0 = 0.5 mm droplet is
almost completely consumed, breaking off soot formation. Conversely,
for 𝐷0 = 1.0 mm, surface growth continues governing soot chemistry
thanks to both the fuel availability and the still high gas-phase tem-
perature, while for 𝐷0 = 2.0 mm the low temperature due to the large
radiative losses leads to soot consumption through oxidation, dominant
over soot formation in such conditions.

The simulations also showed that the thermophoretic effect is re-
sponsible for the high volume fractions of soot (on the order of tens of
ppm) observed experimentally and numerically in the combustion of
isolated fuel droplets, which cannot be observed in more conventional
combustion systems, such as premixed and diffusive flames. Moreover,
the uniquely high residence times experienced by soot coming from
7

Fig. 10. Temporal evolution of: (a) the integral, net formation rates of large PAHs,
soot spherical particles and aggregates for a n-heptane droplet of initial diameter of
1 mm and of (b,c) the rates of the main reaction classes considered in the soot model
adopted.

large droplet combustion (of the order of seconds) result in the forma-
tion of unusually large aggregates (up to ∼ 200 nm), making this type of
system of interest for exploring soot formation in more unconventional
conditions.

Even if the numerical results analyzed and discussed in the present
work are able to capture reasonably well the experimental observa-
tions, the quantitative agreement is not equally satisfactory. There
are several reasons which can explain the discrepancies observed in
Fig. 1. As already pointed out, in addition to the inevitable uncertainties
in experimental measurements, the physical and chemical complexity
of the investigated system required simplifying assumptions and/or
adoption of simplified models. Also based on previous works, the
main limitation of the adopted numerical framework seems to be the
radiative heat transfer model, based on the assumption of a gray gas.
More advanced models, based on a spectral description of the gaseous
phase (as adopted in [34] for example), are expected to improve the
predictive capability of the framework, especially in the ability to
capture the radiative extinction of large droplet with higher accuracy.
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Fig. 11. Radial profiles of: (a) flame temperature 𝑇𝑓 , (b) soot volume fraction 𝑓𝑣𝑚𝑎𝑥 for droplets with initial diameters of 0.6, 1.0 and 2.0 mm. (c) Radially integrated rates of
the main soot reaction classes at different scaled times 𝑡∕𝐷2

0 . (d) Radial profiles of net velocity 𝑣𝑛𝑒𝑡. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article).
Moreover, an additional complexity is represented by the soot model:
to date, there is still no model for soot formation and evolution with
proven predictive capabilities for complex fuels in a wide range of
operating conditions. More specifically, the Discrete Sectional Model
adopted in the present work is continuously updated and extended.
Thus, the predictive capabilities of the whole framework are expected
to improve in the next future, leading to a better agreement with the
experimental data.
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