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ARTICLE INFO ABSTRACT

Dataset link: https://www.opensmokepp.polim This paper presents a comprehensive numerical framework for simulating the evaporation and combustion
Lit of isolated, spherically-symmetric, multi-component fuel droplets. The framework incorporates a detailed

description of chemical reactions in the gaseous phase and is capable of modeling pure evaporation,

Keywords:

Droplet autoignition, and hot-wire ignition scenarios.

Microgravity The transport equations for mass, species, and energy are solved in both the liquid (droplet) and gaseous
Autoignition (surrounding atmosphere) phases. Diffusion in the liquid phase is described using the Stefan-Maxwell theory,
Evaporation while in the gaseous phase, both molecular and thermal diffusion are considered. The model also includes
Cool flame

the thermophoretic effect for carbonaceous particles and accounts for gas radiation through various models,
ranging from optically-thin approximations to more complex methods like the P1 and discrete ordinate
methods. Non-gray radiative effects are handled using the Weighted-Sum-of-Gray-Gases Model (WSGGM).
Liquid/gas interface conditions are evaluated by imposing flux continuity of mass and energy, along with
thermodynamic equilibrium for species. Deviations from ideal thermodynamic behavior in the liquid droplet
are managed by incorporating a suitable activity coefficient or by using a proper cubic equation of state.
Additionally, the presence of supporting fibers is modeled using a simplified one-dimensional approach. The
transport equations are solved using the method of lines, with spatial discretization performed via the finite
difference method on a body-fitted grid. The resulting system of Differential-Algebraic Equations (DAEs) is
then solved using a fully-coupled approach.

Thanks to its generality in terms of kinetic and thermodynamic descriptions and the reduced computational
time, the proposed framework offers significant potential for advancing our understanding of the complex
combustion processes of multi-component liquid fuels and for enhancing the planning and execution of
experiments involving isolated fuel droplets.

1. Introduction The strong interactions between the many physico-chemical pro-
cesses (evaporation, mixing, chemical reactions, turbulence, etc.) dom-

The combustion of liquid fuels is of great interest for many practical inating the combustion of fuel droplets make the study of spray com-

applications, such as industrial burners and internal combustion en-
gines, particularly due to their high energy density per unit volume [1].
In most devices, liquid fuel is injected into the combustion chamber as
an intermittent or continuous spray of small droplets (sub-millimeter
size). Combustion requires evaporation of fuel droplets and proper
mixing of vaporized fuel with air. Good combustion conditions typically
occur when the fuel burns in premixed and prevaporized mode (for
example in premixed turbine engines, homogeneous charge engines,
compression ignition engines, etc.), or at least in a mixed mode (for
example in gasoline direct injection engines) [2].
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bustion a very complex subject, on both the experimental and mod-
eling/numerical sides [3]. Thus, it is useful to take apart the overall
system and to study simpler and possibly ideal conditions. A first
simplification consists in considering an isolated fuel droplet with a
surrounding volume of gas. Such a system includes all of the existing
basic processes occurring in practical combustors: heat-up, evaporation,
diffusion, and combustion (i.e. chemical reactions). In addition, the in-
troduction of spherical symmetry further simplifies the system: only one
spatial dimension enters the description of the evaporation/combustion
process, so that the 1D, time-dependent transport equations apply [4,5].
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This greatly facilitates both computational and theoretical descriptions
of the problem [2,6,7], improving our understanding of experimental
results, which would be much more difficult and less accurate in
multidimensional conditions [8]. In particular, since only 1D transport
equations are solved, we can expect a significant reduction (with
respect to the general 3D case) of computational time and memory re-
quirements, especially when complex kinetic mechanisms are adopted
for describing the combustion reactions.

Obviously, in normal gravity, isolated droplets of the sizes typi-
cally studied experimentally (~1 mm) cannot be considered perfectly
spherical, and natural convection destroys the spherical symmetry of
the combustion process, as evident in the earliest experiments car-
ried out on isolated fuel droplets [9,10]. However, smaller droplets
should maintain spherical symmetry due to the low Grashof number,
especially at atmospheric pressure, making the use of a 1D model a
reasonable approximation in such cases. Ideal spherical-symmetric con-
ditions can be approached only via reduced-gravity (or microgravity)
experiments. Depending on the droplet size, microgravity conditions
are attained through drop towers, parabolic trajectories, or in space-
based experiments [1,11]. These experiments have revealed important
phenomena in droplet burning, such as radiative flame extinction,
disruptive burning, and the formation of cool flames. In particular,
the longer observation times available in space-based experiments pro-
vided the opportunity to investigate phenomena such as: formation
of stable cool flames [12,13], transition from diffusive to radiative
extinction [14], departures from quasi-steady combustion, formation of
soot shells around the droplets [15-17], etc. Although typical sizes of
droplets adopted in microgravity experiments are significantly larger
than those of droplets in sprays, they provide fundamental information
on the intricate coupling between the physical and chemical processes
involved. In fact, as mentioned before, they represent an optimal com-
promise between the complexity of the problem and its completeness,
since most of the phenomena involved in the combustion of real
sprays are still accounted for. In this way, the physical sub-models
representing each of them (thermodynamics, radiation, chemical reac-
tions, etc.) can be evaluated in a relatively simplified context. On the
contrary, to evaluate the theoretical models of governing phenomena
from the interpretation of multidimensional experiments would be
much more complicated, due to the resulting physical (and therefore
modeling/numerical) complexity [18].

The reduced computational cost of 1D simulations, due to spherical
symmetry, enables detailed modeling of chemical reactions, radiative
heat transfer, and non-ideal thermodynamics. In particular, the adop-
tion of detailed kinetic mechanisms (hundreds of chemical species
and thousands of reactions), also including low-temperature oxidation
mechanisms, is strictly necessary to numerically estimate the igni-
tion delay times, the explosion diagrams and to correctly model the
formation of pollutant species, such as NOx, SOx, unburned and poly-
aromatic hydrocarbons (PAH) and carbonaceous particles (soot). More
in general, complex kinetics is needed also to better understand ob-
served non-conventional burning rates under specific conditions. As an
example, recent Flame Extinguishment Experiments (FLEX) [8], carried
out by NASA on hot-wire ignited, isolated fuel droplets of large n-
alkanes onboard the International Space Station (ISS), revealed the
existence of a new, complex phenomenon, where a hot flame extinction
leads to the formation of a stable low-temperature cool flame [12,19].
As demonstrated by recent works on combustion of droplets in reduced
gravity, non-luminous radiation from species such as CO, CO, and
H,O can have a significant effect on phenomena which are highly
sensitive to the flame temperature. In particular, radiative heat loss
reduces the burning rate of larger droplets and promotes the so-called
radiative flame extinction. Obviously, the effect of radiation in droplet
flames fundamentally differs from its effect on gaseous planar flames,
so it is important to include a proper radiative heat transfer model
accounting for the spherical geometry of the combustion process. The
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characterization of equilibrium thermodynamics at the liquid/gas inter-
face is crucial for a correct prediction of vaporization rates, especially
for non-ideal mixtures and high pressure cases. As an example, recent
numerical simulations demonstrated that vaporization of n-heptane and
n-decane droplets at high pressure (up to 50 atm) can be correctly cap-
tured only through proper account of non-unitary fugacity coefficients
and Poynting correction [20].

In this work, we present a numerical framework for the transient
modeling of evaporation and combustion of spherically-symmetric, iso-
lated multi-component fuel droplets. The code, which is built on top of
the OpenSMOKE++ platform [21], is specifically conceived for includ-
ing a detailed description of combustion reactions, through detailed
kinetic mechanisms with hundreds of species. The code is able to model
pure evaporation, autoignition, and spark- or hot-wire-ignition cases.
The transport equations of mass, species and energy are solved in the
liquid and gaseous phase. Liquid/gas interface conditions are evaluated
by imposing flux continuity of mass and energy and thermodynamic
equilibrium for species. Diffusion in the gaseous phase includes molecu-
lar (Fick’s law), thermal (Soret effect) and thermophoretic (for carbona-
ceous particles only) contributions. Detailed description of diffusion
in the liquid phase (in case of multi-component droplets) is carried
out through the Stefan-Maxwell theory. Detailed thermodynamics in
the gaseous phase is included, based on Peng-Robinson equation of
state for the evaluation of the compressibility factor and fugacity
coefficients. Deviations from the ideal thermodynamic behavior in the
liquid droplet are accommodated by introducing a proper activity co-
efficient or a proper cubic equation of state. Gas radiation is described
through several models, with increasing levels of accuracy (optically-
thin, analytical solution for a gray gas between concentric spheres,
P1, and discrete ordinate methods). Non-gray radiative effects are
modeled in a simplified way through the Weighted-Sum-of-Gray-Gases
Model (WSGGM), which represents a satisfactory compromise between
accuracy and complexity (and hence computational cost). The presence
of one or more fibers can be simulated using the simplified approach
proposed by Farouk and Dryer [22]. The solution of transport equations
is based on the method of lines. The spatial discretization is carried out
by means of the finite difference method (using a non-uniform, body-
fitted grid) and the resulting DAE (Differential-Algebraic Equations)
system is solved using a fully-coupled approach.

The manuscript is organized as follows. In Section 2, the math-
ematical model is presented. In particular, we show in detail the
governing transport equations in both the liquid and gaseous phase, the
liquid/gas interface conditions, and the equations for all the relevant
sub-models (such as radiative heat transfer). In Section 3, the numerical
methodology adopted for solving the discretized system of equations
is described. In Section 4, we present several examples of possible
applications of the framework, focusing on three classes of problems:
pure evaporation, auto-ignition and hot-wire-ignition of isolated single-
or multi-component droplets. The paper concludes with a discussion
about the future work and possible extensions.

2. Mathematical model

The mathematical model describes the combustion of an isolated
fuel droplet in a gas-phase environment, in spherical-symmetric con-
ditions (idealizing the reduced-gravity experimental conditions asso-
ciated to drop towers, parabolic trajectories and space-based experi-
ments). The main following assumptions are taken into account:

« spherical symmetry and absence of natural convection effects;
+ constant pressure;

« absence of reactions in liquid phase;

+ thermodynamic equilibrium at the liquid/gas interface.

In particular, the spherical symmetry allows to model the droplet-
gas system with 1-dimensional equations.



A. Cuoci et al.
2.1. Liquid phase equations

In case of a single-component liquid droplet, the mass and energy
transport equations in the liquid phase are:

opr 10

5t g (FeLv) =0 ™
oT, T\ 10 ([, O, p

PLCL (—01 +UL_ar >— ’.—25< kL or +SL (2)

where the subscript L denotes the liquid phase. p is the density, v the
convective velocity, ¢, the constant-pressure specific heat and k the
thermal conductivity. S{ is the heat gain to the liquid phase due to the
possible presence of one or more supporting fibers (see Section 2.9).

In case of multi-component droplets, additional equations for the
conservation of species are added:

aYL1+ aYL: __li(rz.d )
PL\ Tor TV Tor 2oar \" L
and the energy transport equation is modified into:
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In the equations reported above, j¢ 1; is the liquid-phase diffusion
flux of species ith evaluated on the basis of the Stefan-Maxwell theory,
according to what described in Section 2.5.1. ¢,, ; is the constant-
pressure specific heat of species ith in the liquid phase. Thermody-
namic and transport properties of individual liquid-phase species are as-
sumed temperature-dependent and evaluated through the correlations
available in the Yaws’ database [23,24].

i=1,...,NL 3)

Lys] @

2.2. Gas phase equations

Similarly, for the gaseous phase, the following mass, energy and
species conservation equations are written:
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where the subscript G indicates gas-phase properties. Considering the
ith gas-phase species, Y;; is its mass fraction, jgi is its gas-phase
diffusion flux evaluated through the Fick’s law, j;, , is its flux generated
by Soret effect, j’Gh,. is its flux due to thermophoresis (cfr. Section 2.6),

i=1,...,NS

Qg, is its formation rate: Q;; = Z "% v,r;, with r; being the rate
of the jth reaction (N.S and NR are respectlvely the total number of
species and reactions). hy; is the mass enthalpy of formation of the
ith species and finally ¢ is the radiative heat flux (cfr. Section 2.7).
Diffusiophoretic and photophoretic effects are here neglected, although
a minor influence on soot formation had been hypothesized in previous
works [25,26]. Sé is the heat gain to the gaseous phase due to the
possible presence of one or more supporting fibers (see Section 2.9).

2.3. Liquid/gas interface equations

Liquid/gas interface is described by imposing continuity of mass and
energy fluxes, continuity of temperature, and thermodynamic equilib-
rium for species:

mYp = js = mYe—jey  i=1,..,NL ®
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where R, is the radius of the droplet, Aizuiy,» the vaporization enthalpy
of species ith, q“"f is the radiative heat flux on the droplet surface, and
fr;and fg, are the fugacities of species ith in the liquid and gaseous
phases, respectively. The vaporization flux s, is given by:

dR,

", = pg <UG - 7) 12)

2.4. Boundary conditions

Symmetry conditions are imposed in the center of the droplet r = 0:

vrlp=0 (13)
aT,

Ll —p (14)
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0YL,i .

—| =0 i=1,...,NL (15)
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At the outer boundary R, (~100 times the droplet radius), Neu-
mann’s boundary conditions are typically imposed:

a
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2.5. Diffusion fluxes

2.5.1. Liquid phase

Diffusion fluxes are described through Stefan-Maxwell theory [27].
Differently from a Fick-based approach, the diffusion flux of the ith
species depends on the composition of the overall mixture. In radial
coordinates, molar diffusion fluxes J; are then calculated by solving
the linear system:

ox
J.-B= _CL,tatrg 19
where ¢, ,, is the liquid-phase concentration, % is the radial gradient
of molar fractions. The B matrix is evaluated as:
1 1 .
Bik=—xi<A—”c—T> itk

in

20
B, = 2 no X 20
T Ay jj Ajj
i

where A;; is the Stefan-Maxwell binary diffusion coefficient, calculated
followmg Wesselingh and Krishna [28]:

(14x;-x;)/2 (14x;-x;)/2
— 0 S 0 r
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A?jth is the infinite dilution diffusion coefficient of the ith species
into j, which can be evaluated through the Siddiqi-Lucas correla-
tion [29], for example, for both polar and non-polar systems. I is the
activity matrix, whose elements are defined as:

dlny;
I =6;+x; (22)

0x;
J 7 T.PXygj=1..NL-1

where y; is the ith activity coefficient, evaluated through a UNIFAC
approach [30]. Note that J;, B and I" are of order NL — 1, because
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the NLth diffusion flux is not independent, and is evaluated through
flux closure:
NL-1

Ine== 2 J; (23)
i=1

Species N L is locally chosen as the species with the largest mole
fraction. Molar fluxes J; are then converted into mass fluxes j; [27] to
make them homogeneous into Egs. (3) and (4).

2.5.2. Gas phase

The diffusion fluxes are expressed as a function of the corresponding
diffusion velocities. In particular for the gaseous phase, the three fluxes
appearing in Eq. (7) becomes:

.d . ;th _ d th
J6itigitici = ra¥e.i (VG,i +Veit VG,i) @9

In the expression above, the molecular VGdi and thermal V ; diffu-
sion velocities are given by: '
I',; 0Yg,

v = 25
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where X ; is the mole fraction and O, the thermal diffusion ratio of
species ith. The thermal diffusion ratios are estimated according to the
theory of non-uniform gases [31]. I';; is the Fick’s individual species
mixture averaged diffusion coefficient, related to the binary diffusion
coefficients I ;; through the expression:

Igi=——— @7)

The contribution due to the pressure-gradient diffusion was ne-
glected for all the simulations analyzed in this work. Indeed, the
pressure-gradient contribution plays a very marginal role in the nu-
merical modeling of conventional laminar flames and it is usually
ignored [32]. The approach proposed by Coffee and Heimerl [33] is
adopted to enforce the mass conservation. This approach is based on a
so-called correction diffusion velocity V-, which is defined as:

VGC,,- =Ve:i+ Ve (28)

where V. is a constant correction factor, independent of species (but
varying in space and time). This correction factor is introduced to
satisfy the mass conservation and is evaluated as:

NS
Ve==2 Y6.Vo, 29)
i=1

The Fick’s law (together with the light species approximation for
the evaluation of the thermal diffusion ratios) could lead to some
inaccuracies. In such cases, a full multicomponent approach should be
adopted in order to improve the accuracy and enforce the conservation
of mass without additional corrections [34]. The application of full
multicomponent transport models is computationally very expensive
and the computational cost increases at least with the square of the
number of the transported species.

2.6. Thermophoretic effect

The thermophoretic effect on particles produced by the combustion
process is included in the model. The thermophoretic velocity is given
by the following general expression [35]:
hg VTg
Ui = =Vinr—= 77—

e ‘e
where ug is dynamic viscosity , T is temperature, and V. is the
thermophoretic diffusivity (or reduced thermophoretic velocity). Stagni

(30)
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et al. [18] provided an extensive discussion about the estimation of
such a thermophoretic diffusion and compared different theoretical
model and assumptions. As far as soot particles are concerned, the
description is particularly complex, because thermophoretic velocities
depend on primary particle sizes because of the open structure of the
aggregates. A default value of V,; . ~ 0.538 is assumed.

2.7. Radiation

The gas-phase transport Eq. (6) accounts for the radiation contribu-
tions from non-luminous gases (mainly CO, and H,0) and luminous
soot particles via the Vi term. Considering a gray medium, the
divergence of radiative heat flux is evaluated as [36]:

Vig =« <47r[b - / Id.Q) (€20)]
4r

where « is the Planck mean absorption coefficient, I, is the blackbody
intensity I, = oT*/x (o is the Stefan-Boltzmann constant) and I is
the radiation intensity. Different approaches, with different levels of
accuracy and complexity, are available to model I: the optically-thin
model, the analytical solution proposed by Viskanta and Merriam [37],
the P1 radiation model and the Discrete Ordinates Model (DOM). In
particular, the P1 model represent a good compromise between compu-
tational load and accuracy. The interested reader can easily found the
details of the radiative heat transfer models cited above in the existing
literature [36]. A more critical aspect is represented by the modeling of
the mean absorptivity, due to the non-gray behavior of CO, and H,O,
and to the major role of soot radiation. A convenient way to represent
a nongray medium consists in using a Weighted-Sum-of-Gray-Gases
Model (WSGGM) [38]. With this methodology, a number of equivalent
gray gases are used for each medium, weighted through temperature-
dependent factors. These are obtained via polynomial fitting procedures
with experimental measurements:
J
wp =Y by T (32)
j=1

where T is the gas temperature and b, ; are the polynomial fitting
coefficients. The combination between N, + 1 and N, equivalent gray
gases (for absorbing gases and soot, respectively) produces (N, + 1) x
N, total gray gases. Indeed, a transparent window must be considered
for CO,/H,0, i.e. kx,o = 0. For each (m,m) gray gas the combined
absorption coefficient can be evaluated as:

Kpm = Ksn t PKg,m (33)

where P is the pressure. The combined (n,m) weighting factor is ob-
tained through the product of the weighting factors:

WOy = Wy @Oy, (34

Once the coefficients have been calculated, one Eq. (31) is solved for
each gray gas [38,39]:

Vignm = Knm (4”wn,m1b —/ In,md!2> (35)
4

then summing up the respective contributions to obtain V4y. A critical
point in the development of WSGG models consists in the parameters
estimation for the equivalent gray gases: usually, this is done through
fitting procedures [40,41] for mixtures with fixed H,0/CO, ratios,
and separately for soot [42]. More specifically, we use the novel
procedure developed by Cassol et al. [43] to estimate coefficients for
arbitrary compositions of H,O, CO, and soot. Considering the time-
and space-variable composition of the gas-phase environment, Cassol’s
model is thus able to guarantee the needed flexibility in managing the
radiative contribution to the energy balance (6), without compromising
computational efficiency.
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2.8. Thermodynamic equilibrium

As mentioned in Section 1, a proper description of thermodynamic
equilibrium at the liquid/gas interface is of significant relevance for
the correct estimation of vaporization/burning rates of droplets. The
task is particularly challenging in case of deviations from the ideal-gas
behavior in the gaseous phase at high pressure and especially in case
of non-ideal effects in a multicomponent droplet.

In particular, for the liquid phase the fugacity f; ; of species ith at
the interface, is evaluated according to:

13 e

fri= p?XL,i¢L,ie hi Vj (36)

In the expression above, p? is the partial pressure of species ith at the
interface temperature, X ; its molar fraction, ¢, ; its gas-phase fugacity

coefficient for the pure species and y; its activity coefficient in the
p UL

liquid mixture. The e A term represents the so-called Poynting’s
correction, where v, ; is the liquid molar volume of the pure species.
In case of a single-component droplet, the activity coefficient is by
definition equal to 1.

For the gaseous phase, the fugacity f;; of species ith at the interface
is evaluated according to:

fei=pYoibiy (37

where p is the total pressure, Y;;; the mass fraction of species ith and
d)g’j its fugacity coefficient in the gas-phase mixture.

The fugacity coefficients appearing in Egs. (36) and (37) are esti-
mated through the Peng-Robinson cubic equation of state [44], while
the activity coefficients y; for multicomponent liquid mixtures through
the UNIFAC approach [45].

2.9. Fiber model

Supporting fibers are modeled using the 1D model proposed by
Farouk and Dryer [22]. The temperature distribution in the fiber can
be assumed to be 1D, since the typical diameter of supporting fibers
is much smaller (ranging from 10 to 150 pm) than droplet diameters
considered in experiments and the Biot numbers are of the order of
0(1072). If we neglect the interaction with radiative heat transfer, the
energy equation along the fiber can be written as:

oT 4h
% (prCpsTy) = % (kfa—,f> + d—;o (Tej6 =T5) (38)
where T/ is the fiber temperature, p, is the fiber density, Cp, is the
specific heat of the fiber, k, is the fiber thermal conductivity, d, is
the fiber diameter and h,, is the heat transfer coefficient. T, is
the temperature of liquid or gaseous phase, according to the radial
coordinate.

We assume the fiber as a horizontal cylinder and we evaluate the
heat transfer coefficient as h,, = Nug k., /d;. k, is the thermal conduc-
tivity of liquid or gaseous phase (depending on the radial coordinate r,
i.e. if the fiber is immersed in the droplet or in the gaseous atmosphere,
respectively).

The Nusselt number is Nu, = 0.36 in case of limiting stagnant situ-
ation [46]. More accurate correlations can be adopted, which are valid
for low Reynolds number flows, such as the correlations of Andrews
et al. [47] Nu,, = (0.34 + 0.65Re2';‘5) and Collis and Williams [48]
Nutg = 024+ 0.56Re} ™) (5L ).

The heat flux from the fiber to the liquid or gaseous phase q{ /G can
be easily estimated once the fiber temperature T, is available:

4

h
S
9= d—fw (T = Tps6) (39
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Finally, the heat gain terms S{ and S(f; appearing in the energy
transport Egs. (4) and (6) are calculated as:

d2
s/ A

_ S !
L/6 =" 1/6 g2 (40)

where n, is the number of fibers and r is the radial coordinate.
2.10. Internal recirculations

The model assumes spherical symmetry within the liquid and
gaseous phases, which simplifies the computational approach and
maintains feasibility for fully-coupled simulations involving complex
chemistry and phase interactions. However, it is recognized that inter-
nal recirculations within the droplet can play a significant role during
the evaporation and combustion processes [6,49], particularly under
certain conditions such as during ignition or in fiber-supported tests.

While the adopted spherically-symmetric formulation cannot ex-
plicitly account for these effects, it is possible to approximate the
impact of liquid-phase motion through modifications to the effective
transport properties. One potential approach consists in introducing
corrective terms or effective diffusivities that account for the enhanced
mixing due to internal circulation within the droplet [6,50]. These
modifications could be guided by empirical correlations or simplified
models of internal liquid motion, which would allow the model to
better capture the effects of liquid-phase dynamics without requiring
a full multi-dimensional treatment.

The framework is already designed to accommodate user-defined
modifications to the transport properties. This feature allows users to
artificially adjust transport coefficients to simulate the effects of inter-
nal circulation or other complex liquid-phase dynamics. By modifying
these transport properties, users can emulate the enhanced mixing and
altered diffusion characteristics that would result from internal liquid-
phase motion. This flexibility provides a practical way to approximate
these effects without the need for a fully multi-dimensional treatment.

2.11. Initial conditions

The initial temperature profile in the gas phase differs according to
the type of experiment to be modeled. In the case of autoignition, a
uniform temperature profile is assumed.

Hot-wire- or spark-ignition experiments, on the other hand, require
a more complex description. To enforce the ignition, a temperature
profile peaking at ~2200-2500 K is imposed as initial condition in the
proximity of the liquid interface, according to what reported in Fig. 1.
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 [50,51].

3. Numerical algorithm

The overall model consists of a system of partial differential equa-
tions for the liquid (Egs. (1), (3) and (4)) and gaseous (Egs. (5) to (7))
phases. The two sets of equations share the liquid/gas droplet surface,
where proper interface conditions are prescribed (Egs. (8) to (11)).
Boundary conditions defined at the droplet center (Egs. (13) to (15))
and at the outer radius of the gaseous phase surrounding the droplet
(Egs. (16) to (18)). 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 (see below). The
convective terms appearing in the governing equations are discretized
using the first-order upwind discretization, while the second derivatives
associated to the conduction/diffusion terms are discretized using a
second-order centered scheme. The continuity equation receives a spe-
cial treatment compared to other transport equations. Since pressure
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Fig. 1. Initial temperature profile in the gaseous phase for hot-wire or spark ignition
cases. The temperature peak is usually assumed equal to ~2200-2500 K and the width
of the imposed profile equal to ~4-6 time the droplet radius R.

is assumed to be constant and uniform for simplicity, the continuity
equation is used to directly derive the radial velocity. This means
that the continuity equation is treated as an algebraic equation rather
than a differential one, unlike the species and energy transport equa-
tions. The first-order upwind discretization scheme was selected for the
convective term to ensure numerical stability within the fully-coupled
framework used to solve the governing equations. This approach was
chosen due to the complex multi-scale nature of the problem, where
steep gradients in temperature and species concentration often occur
near the droplet surface. Higher-order schemes, while potentially more
accurate, could introduce numerical oscillations and instability, partic-
ularly in the presence of such sharp gradients. The first-order upwind
scheme offers a robust and reliable solution by minimizing these risks,
thereby ensuring the convergence and stability of the solver across a
wide range of conditions.

After spatial discretization, the original problem is transformed
into a DAE (Differential-Algebraic Equations) system, i.e. a set of
differential equations in time (Egs. (1), (3), (4), (6) and (7)) and
algebraic equations corresponding to the discretized continuity equa-
tion (Eq. (5)), the boundary conditions (Egs. (13) to (18)), and the
liquid/gas interface conditions (Egs. (8) to (11)) (see Fig. 2).

Since the droplet first enlarges when heated and then shrinks during
vaporization, a moving spatial grid was introduced to describe the
moving boundaries between the droplet and the surrounding gas. In
order to ensure a sufficiently fine grid close to the liquid/gas interface,
where the critical gradients are located, grid stretching was applied
in that region. The stretching factor and the number of points in the
gaseous phase are chosen in order to have a good compromise between
the accuracy close to the droplet surface and the overall size of the
gaseous computational domain (whose outer radius is usually ~100
larger than the droplet’s radius). In typical problems, ~50 points are
adopted in the liquid phase and ~300 points in the gaseous phase.

In case detailed kinetic mechanisms are adopted, the resulting total
number of DAE equations rapidly increases. For a multicomponent
droplet with N L species, NG gaseous species, a computational mesh
with n; and ng points for the liquid and gaseous phases, respectively,
the total number ny of DAE equations is: ny = ny (NL + 3) +5 +
ng(NG +3). As an example, if we imagine a droplet of 4 liquid species
and a detailed kinetic mechanism with ~400 species, 50 points in the
liquid phase and 300 points in the gaseous phase, the total number
of DAE equations would be equal to ~121,000. Such a big system of

Journal of Computational Science 83 (2024) 102453

e
—_— %,
Liguid phase %
continuity (1) %
energy (1) -
fiber (1)
liquid species (NL)
A
2 ng
o—O0—0—0—0—00H OO0 O 00 O 3
12 Ng
Liquid/Gas Interface
contltr?wt'\i (Ilquld)il) Gas bhase
continuity (gss) i continuity (1)
energy (1)
X energy (1)
fiber (1) :
liquid ' NL fiber (1)
—] 1qul Spe.CIeS (NL) gas species (NG)
gas species (NG)
droplet diameter (1)

Fig. 2. Sketch of computational domain and computational grids adopted in the
simulations.

differential and algebraic equations poses several numerical challenges,
mainly because of:

+ high non-linearity of transport equations of energy and species,
mainly because of the chemical source terms (unless pure evap-
oration cases are considered), governed by the Arrhenius’ law;

high stiffness, due to the existence of a wide range of character-
istic chemical times;

high coupling between the conservation equations of species, be-
cause of the chemical complexity of detailed kinetic mechanisms,
in which each species can be involved in a large number of
reactions.

The features reported above suggests the adoption of a fully-coupled
algorithm for solving the resulting DAE system. This means that all
the np equations are advanced in time by means of a proper DAE
solver for stiff problems based on implicit methods. In order to keep the
computational times reasonably small, it is important to take advantage
of the structured, sparse pattern of the Jacobian matrix J associated to
the DAE system. Indeed, if the DAE equations are properly organized,
the resulting Jacobian pattern is tridiagonal-block. Each block has a
size equal to n, = NL+ NG +5.

Radiative heat transfer equations are not included directly in the
DAE system described above, but the Vi term is updated only at the
end of each time step of the DAE system.

3.1. The DAE solver

Let us write the DAE system by splitting the vector of unknowns y
in two groups, differential y, and algebraic y,:

d
=0 (vya) 1)
£ (y1.¥2:1) =0

where f| is the r.h.s. of differential equations and f, is the vector of
algebraic equations. The DAE system above is solved by a specifically
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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 [52] and it is derived from the BzzDae
solver [53,54], from which it inherited the following features:

« if the model variables are physically bounded, the user may
assign maximum and/or minimum constraint vectors. The solver
automatically handles the constraints, taking care not to violate
the assigned bounds. The control is performed before passing any
illegal values to the DAE system routine. The correction vector,
b, is accepted only when the nonlinear system resulting from the
DAE problem is accurately solved to the assigned precision and
when the unknown vector y simultaneously complies with the
constraints. As a result, the DAE function is always computed with
safe y; and y, values and math errors are avoided a priori;

the algebraic portion of the Jacobian matrix is properly normal-
ized [55], in order to have a G matrix as:

of, of
| hro E hro E
ol ot (42)
9, 9y,

where h is the step-size and r, the first coefficient of the BDF
method [52]. Robustness and precision of the solver are greatly
improved after the normalization;

the integration order is reduced when the elements of the Nord-
sieck vector are not decreasing (see [55]);

when repeated convergence failures occur, the integration order
is automatically reduced to 1 and the integration restarts from the
last successful convergence step [54,56].

Droplet combustion, similarly to most combustion systems involving
complex kinetic mechanisms, is characterized by a relevant number
of equations and by the need to numerically evaluate the Jacobian
matrix J several times. Since the Jacobian matrix evaluations and
factorizations are very expensive operations in terms of CPU time, it
is important to adopt proper strategies to reduce their number as much
as possible:

+ a distinct memory allocation for the Jacobian matrix and its
factorization is adopted. As a consequence, when either a dif-
ferent step size or a method order is chosen, there is no need
to re-evaluate the Jacobian matrix and then superimpose its
factorization, which is required by the non-linear system solver
based on the Newton method. This has obviously a big impact on
the overall performances;

with a large number of equations, the Jacobian numerical eval-
uation is rather time consuming, so it is advisable to delay the
update of J as much as possible. Conversely, if the system has
few equations, it is convenient to evaluate J more frequently in
order to increase the efficiency of the Newton method. On this
basis, the Jacobian matrix with a proper frequency dependent on
size of J and CPU speed.

4. Examples

Several examples of applications of the proposed framework are
reported in this section. As already mentioned, the code is able to model
three different scenarios: pure evaporation, autoignition, and hot-wire
(or spark) ignition of isolated droplets. Additional examples are avail-
able in recently published papers [57-60]. For further details on the
sensitivity analysis regarding the mesh resolution and the boundary
condition on the outer edge of the computational domain, readers are
referred to the Supplementary Material accompanying this manuscript.
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Fig. 3. Evaporation of a n-heptane droplet: initial diameter D, = 0.700 mm, pressure
P =1 atm, ambient temperature T,,, = 500 K.
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4.1. Evaporation of single-component droplets

Pure evaporation of isolated fuel droplets in inert atmosphere (or at
sufficiently low temperature so that combustion reactions cannot occur)
is the simplest scenario of application of the framework. Obviously,
pure evaporation means that no kinetic mechanism within the gas
phase is needed, with obvious advantages on the computational side,
because of the reduced number of species to be transported (fuel
components and gaseous inert species only).

A representative example here considered, useful to discuss the gen-
eral physics of the evaporation process, is a droplet of n-heptane (initial
diameter D, = 0.700 mm and initial temperature of 298 K) evaporating
in nitrogen at atmospheric pressure (P = 1 atm) and temperature Tj,
= 500 K. Fig. 3 shows the temporal evolution of the squared droplet
diameter (D? curve) and the temperatures at liquid/gas interface (T;,)
and at the center of the droplet (T.,,,,,). Initially the droplet evaporates
slowly: this is the initial heating phase, during which the temperature
of its surface is still relatively modest. Because of such a low surface
temperature, the mass fraction of n-heptane at the interface is small, re-
sulting in a modest composition gradient in the gaseous phase (which is
the driving force of the evaporation process). During this initial phase,
most of the heat transferred from the gas to droplet is used for heating
the droplet itself (with the consequent thermal expansion) and only a
fraction is converted into latent heat of evaporation. The evaporation
rate increases progressively, until it settles at a constant value (steady-
state evaporation regime), evidenced by the linear dependence of D? on
time. The temperature at the interface reaches a constant value, well
below the normal boiling temperature (for n-heptane equal to 373 K).
The temperature at the center of the droplet is obviously smaller than
that at the interface, but the evaporation process is so slow, that the
droplet temperature field becomes rapidly uniform. The slope of the
D? curve during the steady-state evaporation phase is typically used as
a measure of the vaporization rate (K,) of the droplet. In the example
considered here, we have K, = 0.129 mm?/s.

Then, we explored the vaporization of n-heptane droplets as a
function of the initial droplet diameter, ambient temperature, pressure,
and inert species. The results are summarized in Fig. 4.

Fig. 4a shows the D? curve for several initial droplet diameters
(from 0.5 to 1.1 mm). Obviously, the vaporization time increases as
the droplet size increases. However, it is quite easy to see that the
vaporization rate is independent of the initial diameter, as suggested
by the slope of the D? curves. This aspect would be more evident if
both the axes were divided by the initial squared droplet diameter
D(z) (not here reported). The 4 curves would almost perfectly overlap,
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becoming indistinguishable from each other (in line with experimental
observations and theoretical models proposed for the evaporation of
isolated droplets [61]).

Fig. 4b shows the results obtained when the ambient temperature
changes. The vaporization rates are definitely different and increase, as
expected, with the temperature of the environment. In particular, the
vaporization speed increases from 0.066 mm? /s at 400 K up to reaching
0.237 mm? /s at 700 K.

Fig. 4c shows the evolution curves of D? as the pressure of the
gaseous environment changes. The vaporization rate shows a weak
dependence on pressure. Indeed, the D? slopes are very similar to each
other, moving from 0.129 mm?/s at 0.1 MPa to 0.120 mm?/s at 1
MPa. However, the pressure has a strong effect on the initial heating
phase, during which the droplet diameter increases because of the
liquid thermal expansion. The duration of this phase increases as the
pressure increases. As a result, despite the similar vaporization rates,
the time required for the evaporation of the droplet is much longer at
higher pressures. This effect is the direct consequence of the increase
of the boiling temperature of n-heptane with pressure.

Finally, Fig. 4d shows the evolution of the droplet as a function
of the inert species in the gaseous atmosphere (nitrogen, argon or
helium). The vaporization rates are significantly different. As discussed
by Dalili et al. [62], this can be explained by the different thermal
conductivities of the three gases (0.0268 W/m/K for argon, 0.0383
W/m/K for nitrogen and 0.222 W/m/K for helium). Indeed the heat
flux from the gaseous phase to the droplet is proportional to the thermal
conductivity of the gaseous boundary layer surrounding the droplet,
which is rich of the evaporating fuel. Thus, the very high thermal

conductivity of helium results in a faster vaporization rate and in a
higher liquid temperature.

Additional examples of pure vaporization are carried out consid-
ering different fuel species: n-heptane, n-decane, n-dodecane and n-
hexadecane (Fig. 5). As expected, the vaporization rate decreases with
increasing fuel molecular weight, because of the lower vapor pressure.
The temperature at the interface during the steady-state evaporation
regime is a function of the normal-boiling temperature of the fuel.
The heating phase (with possible droplet expansion) shows significant
differences among the n-alkanes: heavier n-alkanes have a lower vapor
pressure, thus the evaporation occurs at a significant rate only when
the droplet temperature is sufficiently high and this heating phase
requires some time. The examples given in this paragraph show how the
calculation tool can be easily adopted to explore the effect of different
operating conditions (temperature, pressure, gas phase composition) on
the vaporization of different pure fuels.

Before moving on to the next section, a series of comparisons
between numerical simulations and experimental results are presented
in order to demonstrate the accuracy of numerical predictions. In par-
ticular, we considered the measurements made by Nomura et al. [63]
on isolated n-heptane droplets (D, = 0.700 mm) evaporating in inert
nitrogen in a variable range of temperatures (300-800 K) and pressures
(0.1 and 0.5 MPa). In the experimental tests, the droplet was suspended
on a SiC fiber with a diameter of ~150 pm. Since the fiber diameter
is not negligible if compared to the size of the droplet, the numerical
simulations were carried out including the fiber in the set of governing
equations (see Section 2.9). The comparison between experimental data
and numerical simulations is summarized in Fig. 6. The simulations
are able to capture the experimental data with reasonable accuracy.
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The deviations could be partially explained by the difficulty, at the
numerical level, to reproduce exactly the initial conditions experienced
by the droplet during the experiments. In other words, at time 7 = 0,
it is impossible to know exactly the state of the experimental system,
i.e. temperature profile in the liquid and gas phases, possible presence
of pre-evaporated fuel, diameter and initial shape of the drop, etc.
More recently, another possible explanation, which is not necessarily
mutually exclusive, has been recently proposed by Cipriano et al. [64].
They suggest that the experiments may still experience non-negligible
residual gravity, thus inducing natural convection phenomena which
cannot be captured by a 1D model.

4.2. Evaporation of multi-component droplets

The evaporation of a multi-component droplets represents a more
complex scenario. As an example, we considered a multi-component
droplet consisting of 4 n-alkanes (n-heptane, n-decane, n-dodecane, n-
hexadecane), initially present in the same amount (on a mass basis).
Also in this case, the droplet (D, = 0.7 mm), was assumed to evaporate
in pure nitrogen at atmospheric pressure. Two different gas phase
temperatures (400 K and 800 K) were considered. The vaporization
times of the two droplets are significantly different, equal to 110 s and
2.7 s, respectively. Thus, for graphical reasons, the D? and interface
temperature curves are reported in Fig. 7 as a function of a dimension-
less time, obtained dividing the real time (¢) by the vaporization times
(1);y.) reported above. It is clear that at high temperature (800 K) the D?
curve has a shape similar to that already observed for single-component
droplets: a (rather long) heating period is followed by a vaporization
phase at a constant rate. On the contrary, at low temperature (400
K), the heating phase of the droplet is almost absent. The droplets
starts evaporating quite fast, but at some point (¢/1,,, = 0.1 —0.2) the
evaporation rate slows down until reaching a constant value.

The reasons for this behavior (so different from that observed for the
single-component droplets) can be understood if we refer to the plots
in Fig. 8, which show the average mass fractions of the 4 components
inside the droplet over time. At low temperature, the components
evaporate substantially in sequence, as a function of the corresponding
vapor pressure. This occurs because the low temperature does not
allow to reach high evaporation flows and consequently the diffusive
processes inside the droplet have time enough to bring on the interface
the most volatile component, which evaporates preferentially. At high
temperature, the evaporation flows are much higher, so the diffusive
processes become limiting. This means that the diffusion in the liquid
phase is not able to feed the most volatile component to the interface,
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to compensate for the amount that is evaporating. As a result, all the
components evaporate at the same time (although not at exactly the
same rate). Thus, at low temperature we observe a sort of distillation
of the droplet (distillation limit). At high temperature, the transport
limitations inside the droplet govern its evolution (diffusion limit).

4.3. Hot-wire ignition of single-component droplets

The next example of application is the combustion of a droplet,
ignited through a hot-wire (or a spark). As already mentioned in
Section 2.11, ignition is simulated by imposing an initial non-uniform
temperature radial profile close to droplet surface (in this specific
example peaking at ~2400 K). A n-heptane droplet (D, = 0.700 mm) in
regular air (initially at ambient temperature) was considered. The sim-
ulation was carried out using the CRECK_2003_TOT _HT detailed kinetic
mechanism with 368 species and 14 462 reactions [65]. For simplicity,
no low-temperature chemistry, neither soot formation were included in
the mechanism. Radiative heat transfer was included via the P1 model
coupled to the Weighted-Sum-of-Gray-Gases Model (WSGGM) for ac-
counting for non-gray media effects. Ideal thermodynamic equilibrium
at the interface was assumed and the ideal gas law was considered to
describe the gaseous phase.

Fig. 9a reports the temporal evolution of the temperature field in
the gas phase surrounding the droplet. For graphical reasons, both the
spatial and temporal coordinates are reported in logarithmic scales. At
sufficiently low times (<0.1 ms), the radial temperature profile is still
affected by the imposed initial condition adopted for simulating the
external ignition (see Fig. 1). At t =~0.1 ms the droplet ignition occurs,
as evident from the short and small increase of temperature. A diffusion
flame develops, fed by the evaporation of n-heptane. As evident from
the 3D plot, the flame width increases during the time, reaching also the
regions closer to the outer border of the computational domain. More
quantitative data about the flame evolution are available in Fig. 13b,
which shows the temporal evolution (linear scale) of peak temperature
and flame diameter. During the steady-state evaporation regime, the
flame temperature reaches a constant value of ~1950 K. The flame di-
ameter, defined as the radial position of temperature peak (continuous
line) or the radial position of OH mass fraction peak (dashed line),
initially increases (up to reaching ~6 mm), then decreases.

Fig. 10 reports the calculated D? curve and temporal evolution of
temperature at center of the droplet and at the liquid/gas interface.
The D? curve is very similar to what already observed and discussed
for pure evaporation cases: after a short initial period, during which
the droplet is heated up, the vaporization reaches a steady-state regime,
during which the vaporization rate remains constant. Fig. 10 also shows
how the interface temperature rapidly increases, because of the flame
surrounding the droplet, up to a constant value, slightly below the
normal boiling temperature of n-heptane (373 K). The temperature at
the center of the droplet increases slower, because the vaporization
process is faster than the transfer of heat from the interface to the
center of the droplet. As a consequence, a significant temperature
gradient can survive inside the droplet. Only when the droplet size
becomes sufficiently small (in this case at ~0.55 s), the temperature
field becomes uniform.

Radial profiles of temperature and mole fractions of relevant species
in the gaseous phase at t = 500 ms are available in Fig. 11. A typical dif-
fusive burning regime is evident. O, becomes zero where the maximum
temperature is reached. The mole fraction n-heptane at the interface
is dictated by vapor-liquid equilibrium and rapidly decreases to zero
in the pyrolytic region, well before the maximum temperature. The
main products are H,O, CO, and CO. Ethylene (C,H,) and acetylene
(C,H,) are important intermediates, together with methane, benzene,
and naphthalene (not here reported). As already observed in Fig. 13b,
the peak position of temperature and OH radical are not exactly the
same, being the OH peak located at a larger distance from the droplet
surface.
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Similarly to what we did in Section 4.1, we explored the ignition
of n-heptane droplets as a function of the initial droplet diameter and
ambient pressure. The results are summarized in Fig. 12. As expected,
in agreement with theoretical models developed for combustion of
isolated droplets in quiescent environments [61], the vaporization rate
is basically independent of the initial droplet diameter (Fig. 12a).
The pressure of the gaseous phase has a more complex impact on
the evolution of the droplet (Fig. 12b). The vaporization rate slightly
increases for increasing pressure, while the flame diameter decreases
and its peak value is reached at larger times.

As a final example, additional simulations were carried out con-
sidering different fuels: n-heptane, n-decane and ethanol (Fig. 13).
N-heptane and n-decane droplets have very similar features, in terms
of both vaporization rate and flame diameters. The main difference
is related to the initial heating-up phase, which is longer for the
n-decane droplet, justified by its lower vapor pressure. The ethanol
droplet behavior shows some significant differences: if compared to n-
heptane and n-decane, its vaporization rate is much smaller and the
flame is located much closer to the droplet surface. This result seems to
be counter-intuitive, since ethanol has the lowest boiling temperature
(~351 K), thus a larger vaporization rate would be expected. However,
some points are to be considered: (i) the ethanol flame temperature
(not here reported) is ~120 K colder than n-heptane and n-decane;
(ii) the ethanol vaporization heat (in mass units) is more than 2 times
larger than n-heptane and n-decane; (iii) re-absorption of water from

10

the gaseous phase (not here reported) was predicted by the simulation,
which slows down the whole vaporization process. The combination of
these 3 factors can easily explain the results reported in Fig. 5.

4.4. Hot-wire ignition of n-heptane droplets in helium/oxygen atmosphere

Nayagam et al. [1] reported experiments on free-floated n-heptane
droplet combustion carried out at 1 atm in different oxygen-helium
environments on-board the STS-83 flight of the Space Shuttle Columbia
during the first Microgravity Science Laboratory mission (MSL-1). The
ignition was carried out using two diametrically opposed hot-wired
igniters. Here we focus on experiments in atmospheres containing
35% of helium. Three initial diameters were considered, equal to
1.90, 3.10 and 4.100 mm. The simulations were carried out using the
CRECK_2003_TOT_HT_LT detailed kinetic mechanism, accounting for
both low- and high-temperature chemistry (492 species and 17790 re-
actions) [65]. No soot formation was accounted for in the simulations.
Radiative heat transfer was included via the P1 model coupled to the
Weighted-Sum-of-Gray-Gases Model (WSGGM) for accounting for non-
gray media effects. Ideal thermodynamic equilibrium at the interface
was assumed and the ideal gas law was considered to describe the
gaseous phase.

Fig. 14 compares the numerical simulations with the experimental
data in terms of droplet squared diameter and flame diameter. The
agreement between numerical results and experimental measurements
is particularly good for 1.90 and 3.10 mm droplets, especially for D>
curves. Deviations are more evident for the flame diameter, which is
always numerically over-estimated with respect to experiments. We
suspect the disagreement can be explained on the basis of different
definitions of flame diameter: numerically it is defined as the radial
location of maximum temperature, while experimentally it is evaluated
as the radial location of maximum flame-image intensity. Since forma-
tion of soot was experimentally evident, probably the zone of maximum
flame intensity is located in the soot-rich region, which is typically
located between the droplet surface and the flame front (see Section 4.6
for more details). This would explain why, despite the vaporization rate
is correctly captured by the model, the experimental flame diameter is
always smaller than the numerical one.

The case with a 4.10 mm droplet is more complex. The experimen-
tally measured D? curve clearly shows the presence of two different
combustion regimes. During the first phase (from time t = 0 to approxi-
mately t = 2.2 s) the droplet reaches a steady-state regime characterized
by a high vaporization rate (K, = 1.18 mm?/s). Then, at ~2.2 s the
vaporization rate starts decreasing, reaching a new constant, lower
value (K, = 0.89 mm?/s). This anomalous behavior is confirmed by
the numerical simulations, which reveal something interesting. In par-
ticular, if we look at the peak temperature in the gaseous phase (see
Fig. 15), we observe a complex evolution for the 4.10 mm case.
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Indeed, according to the simulations, the transition from the first to the
second regime corresponds to a partial extinction of the diffusion flame,
followed by the formation of a stable low-temperature flame at ~700
K, which persists around the droplet for a long period of time. Then,
a second extinction occurs. Such a complex behavior can be captured
only by considering the low-temperature chemistry of n-heptane in
the numerical simulations. If we adopted high-temperature chemistry
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Fig. 11. Hot-wire ignition of a n-heptane droplet in air at atmospheric pressure (D,
= 0.700 mm): radial profiles of temperature (right axis) and mole fractions of selected
species at t = 500 ms.

only, the numerical results would be in complete disagreement with
the experimental data, as shown by the dashed line in Fig. 14a. Ac-
curately predicting flame extinction is a critical test of the model’s
robustness and reliability, as it directly reflects the code’s ability to
capture complex combustion dynamics.
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4.5. Autoignition of n-decane droplets

The following example refers to the autoignition of n-decane
droplets. This is an additional demonstration of the relevance of nu-
merical simulations of isolated fuel droplet for better interpreting
experimental data. Xu et al. [66] carried out experiments on evapo-
ration and autoignition of isolated fuel droplets of pure n-decane in
regular air (atmospheric pressure) at different temperatures, from 633
K to 1123 K. Here we focus the attention on the experiments carried
out at 633 K, in which 3 different initial diameters (0.91, 1.22 and
1.56 mm) were considered. These cases were classified by Xu et al. [66]
as pure evaporation cases, since no visible flame was experimentally ob-
served. However, numerical simulations revealed a different scenario.
Fig. 16a reports the D? curves calculated numerically without consid-
ering chemical reactions in the gaseous phase, i.e. as pure evaporation
conditions. During the initial heating-up period (~1 s), the expansion
of the droplet prevails over the evaporation phase. Then, a linear
evolution of the squared diameter is observed, as expected for usual
evaporation cases. However, the deviation of numerical results (dashed
lines) from the experimental data is significant: in particular, the
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calculated vaporization rate is at least a factor of ~2 smaller than the
experimental value. If the numerical simulations are repeated including
the low-temperature chemistry for n-decane in the gaseous phase, the
evolution of the droplets changes significantly (continuous lines) and
the agreement with the experimental data becomes very good. This is a
clear evidence of the formation of cool flames. Fig. 16b reports the peak
temperature in the gaseous phase when the low-temperature chemistry
is included in the simulation. All the profiles show dumped cool flames,
followed by a stable temperature plateau. The dumped cool flames
result from the combination of the progressive consumption of fuel
and gas-phase heating. Once the first flame ignites, fuel is consumed
and only partially replaced by the relatively slow vaporization. This
prevents a second, high-temperature ignition. The cool flames occur at
increasing frequency, produce less heat, and gradually move the system
to a steady-state combustion regime. The plateau temperatures of the
cool flames increase with increasing initial diameter, from ~740 K for
the 0.91 mm droplet to ~760 K for the 1.57 mm droplet. This explains
the slightly higher vaporization rate of the larger droplet (numerically
and experimentally observed). During the dumped cool flame regime,
the radial position of the peak temperature (not here reported) is very
close to the droplet surface (~1.5-2.5 mm), while during the second
phase (characterized by the plateau temperature) it slowly decreases
with time.

Fig. 17 shows the calculated radial profiles of temperature and main
species at t = 3 s for the 1.22 mm droplet. We can clearly recognize
the typical structure of a low-temperature flame. Because of the lower
reactivity of the system, fuel and oxygen are able to co-exist in the
region close to the droplet surface and their concentration profiles are
smoother than in a hot-temperature flame. Moreover, a significant mass
fraction of ketohydroperoxide (NC10H22-OQOOH) is evident close
to the droplet surface, confirming the active role of low-temperature
mechanisms.

4.6. Hot-wire ignition of a multi-component droplet

The last example is the hot-wire ignited combustion of a multi-
component droplet, experimentally studied by Cuoci et al. [67], burn-
ing in regular air at atmospheric pressure. The fuel is a 7-component
mixture (termed S3) comprised of (volume fraction) n-heptane (0.11),
n-pentane (0.088), iso-octane (0.405), cyclo-pentane (0.055), toluene
(0.18), 1-hexene (0.063) and ethanol (0.099). The initial diameter of
the droplet was equal to 0.636 mm. A detailed kinetic mechanism
was adopted, including a soot model based on the discrete sectional
method, able to account for nucleation, surface growth, oxidation, and
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coalescence/aggregation of soot particles [68]. The total number of
species and reactions is equal to 398 and 24,814, respectively. No low-
temperature chemistry was included in the mechanism. The simulation
is very challenging from the numerical point of view, because of
the large number of species, the presence of soot particles (having a
significant role in the radiative heat transfer), and the multi-component
nature of the droplet, including species with a wide range of vapor
pressures.

Fig. 18a shows the predicted squared droplet diameter, compared
with the experimental measurements. The predictions agree well with
the measurements when the soot model is included in the simulation
(continuous line). Without the soot model, droplets burn significantly
faster because more heat is transferred to the droplets. Indeed, soot
formation significantly reduces the flame temperature because of the
strong radiative losses and the endothermic reactions associated to the
formation of soot itself.

Fig. 18b reports a comparison between the experimentally measured
and the calculated flame stand-off ratio (FSR), i.e. the ratio between
the flame diameter (defined as the position of temperature peak or the
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position of OH mass fraction peak) and the current droplet diameter.
Also in this case, the agreement is quite satisfactory: in particular, the
peak gas temperature represents well the relative position of the flame
to the droplet early in the burning process, while later in burning the
peak OH concentration better determines the flame diameter.
Predictions of the soot stand-off ratio (SSR), i.e. the ratio between
the soot shell diameter and the current droplet diameter, are shown in
Fig. 18b. The soot shell diameter is numerically defined as the diameter
where soot volume fraction reaches its peak value. The trends are
consistent with the data, but the predictions are overestimated. Given
the challenges of measuring the flame and soot shell diameters (which
are based on user-defined boundaries in the photographs) [67], the
simulations show a reasonable accuracy and predictive capability in
predicting the trends in the evolution of flame and soot shell diameters.
Fig. 19 shows the evolution of the S3 component mass fractions
(averaged) inside the droplet. Toluene is the most non-volatile com-
ponent, thus it is slow to evaporate and it accumulates inside the
droplet. Because of the high temperature in the gaseous phase, the
droplet experiences the so-called diffusion limit regime (see Section 4.2):
the remaining components evaporate at similar rates, so their relative
weights remains almost constant during the evolution of the droplet.

5. Conclusions

In this work, we described a comprehensive numerical framework
for simulating the evaporation and combustion of isolated, spherically-
symmetric, multi-component fuel droplets. The framework solves the
transport equations of mass, species, and energy in both the liquid
and gaseous phases and incorporates detailed kinetic mechanisms in-
volving hundreds of species and thousands of reactions. It includes a
detailed treatment of diffusion processes, thermodynamic equilibrium,
and radiative heat transfer.

We have successfully tested the proposed framework under a wide
range of conditions, including pure evaporation, autoignition, and hot-
wire ignition scenarios. The code has demonstrated its capability to
simulate complex scenarios, including the formation of oscillating cold
flames and radiative extinctions. Comparisons with available experi-
mental data have confirmed the tool’s good predictive capabilities.

The proposed framework offers significant potential for advanc-
ing our understanding of the complex combustion processes of multi-
component liquid fuels. It provides a robust tool for researchers and
experimentalists to better plan and interpret experiments involving
isolated fuel droplets. This tool is particularly relevant for studying the
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fundamental aspects of droplet combustion, optimizing fuel formula-
tions, and improving combustion efficiency in practical applications.
By facilitating detailed simulations and accurate predictions, the frame-
work can drive innovations in fuel technology and contribute to the
development of cleaner and more efficient combustion systems.
Looking ahead, several promising extensions and future research di-
rections can enhance this framework. The most notable is the extension
to multidimensional configurations, enabling the study of droplet—
droplet interactions, non-spherical droplet shapes, buoyancy and forced
convection effects, and interactions with surfaces. This extension is
already underway within our research group. Specifically, Saufi et al.
[20] implemented a numerical algorithm based on the Volume-Of-Fluid
(VOF) methodology in the OpenFOAM framework [69] to model the
evaporation of 2D isolated droplets, showing excellent agreement with
experimental data across various conditions, including high pressures.
More recently, Cipriano et al. [70,71] proposed and implemented an
innovative multidimensional model for multicomponent evaporation
in interface-resolved simulations using a geometric VOF approach in
the Basilisk sandbox [72]. Future steps will include the incorporation
of chemical reactivity in the gaseous phase and a more advanced
treatment of the thermodynamic properties of the liquid phase mixture.

14

The current framework is designed for subcritical conditions, where
liquid and gas phases are distinctly separated and conventional ther-
modynamic models are valid. However, under supercritical conditions,
where fluid properties change significantly and phase boundaries blur,
the model may not fully capture the dynamics of evaporation and com-
bustion. Future work will focus on extending the model to incorporate
equations of state and transport models suitable for supercritical fluids,
enhancing its applicability. Until then, users should be aware of these
limitations when applying the model to scenarios involving pressures
and temperatures above the critical point.

In summary, the framework presented in this work is a powerful
tool for the detailed simulation of droplet combustion, offering a wide
range of applications and significant potential for future development
and research.
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