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Abstract

The need for an accurate description of the fuel composition is emerging in recently published
studies on the interaction of droplets and flames. In this context, hydrophilic fuels are of particular
importance, since they are expected to interact with the water formed during combustion reactions.
The impact of such interactions onto the reaction process is still not explored enough. This work
aims to contribute to the understanding of such interactions by investigating the impact of accu-
rately describing the heat and mass transfers on hydrophilic fuel droplets interacting with flames.
For that, a recently proposed phase change model is employed, demonstrated to be one of the
few capable of characterizing the differential diffusion of vapor into the gas phase for hydrophilic
fuels interacting with reacting flows. Numerical simulations of freely propagating flames in quies-
cent droplet mists are conducted with a detailed chemistry description. Different scenarios focus
on the impact of water addition in the gaseous or liquid phase. Results demonstrated the multi-
component phase change significantly impacts the flame speed in humid air and/or with hydrous
ethanol, and neglecting this effect leads to strong miscalculation in flame speed. This is shown to
be a consequence of the hydrophilic property of the chosen fuel, which allows the conversion from
single-component to multi-component droplets, thus modifying the flame structure.

Keywords: Multi-component droplets, Spray combustion, Phase change modeling, Differential
diffusion, Ethanol

Novelty and significance statement

• Differential diffusion is rigorously accounted for with a new phase change model in flames
propagating in droplet mists of a hydrophilic fuel, i.e., ethanol.

• The multi-component modeling is necessary even when considering the injection of pure
hydrophilic fuel.
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• When the multi-component description of the liquid fuel is enabled, flame speeds become
higher than those values achieved with the single-component approach.

• Air humidity interacts with hydrophilic fuel droplets delivering higher flame speed values.
• A novel justification is presented for the observed higher flame speed values of flames prop-

agating in droplet mists when compared to single-phase flames.
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1. Introduction

Typical commercial fuels are composed of a large number of species and require multi-component
modeling for the numerical description of spray flames [1–4]. Investigations about the multi-
component description of droplets in non-reacting atmospheres are found in the literature for sin-
gle droplets (e.g. [3–11]) and spray flows (e.g. [12]). However, the interaction of multi-component
droplets with reacting flows is not extensively explored. Spray combustion simulations are com-
monly conducted with single-component surrogate fuels (e.g. [13, 14]) to avoid the complexity of
modeling multi-component chemical kinetics and droplet phase change.

From the published works accounting for multi-component droplets in reacting flows (e.g.
[1, 2, 15–21]), both [1, 2] stand out. Shastry et al. [1] investigated one-dimensional flames propa-
gating in multi-component sprays using a detailed description of the chemistry. Alkane mixtures
representing Jet-A surrogates were evaluated following the ideal vapor-liquid equilibrium (VLE)
approach and without considering differential vapor diffusion into the gas flow. The importance
of the multi-component description of droplets is noticed in terms of the stratified mass exchange
caused by the different vapor pressures of different components. Differential diffusion effects are
able to be modeled in the approach employed in [2], which also investigated alkane mixtures rep-
resenting Jet-A surrogates. 1D Counterflow spray flames were simulated using a detailed descrip-
tion of the chemistry. Results outline that differential diffusion effects are necessary for modeling
multi-component spray combustion.

All these previous studies considered mixtures of long hydrocarbons. When considering al-
cohols, the number of species is usually small in a commercial fuel (e.g., ethanol). However,
these hydrophilic substances can absorb the air humidity and the water formed during combus-
tion [3, 22, 23] and, consequently, interact with the reacting flow. Such an interaction is poorly
understood, as this topic has not been sufficiently explored in the literature. The fuel hydrophilic-
ity reinforces the importance of the multi-component description of droplets for both reacting
and non-reacting atmospheres. Nevertheless, care must be taken on describing the heat and mass
transfer of hydrophilic droplets. As demonstrated in [3], there are limitations in different mod-
els available in the literature to accurately describe droplets’ heat and mass transfer processes in
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reacting atmospheres. Recently new models were proposed [3, 4, 24], which can accurately de-
scribe the differential diffusion of vapor into the carrier phase for hydrophilic and non-hydrophilic
droplets interacting with general reacting flows. In view of the correct description of the gas phase
dynamics, which may enable or disable the simultaneous occurrence of condensation and evap-
oration mechanisms for individual species, the model proposed in [3] is employed in the present
work.

Within the context of one-dimensional simulations conducted with a detailed description of the
chemistry, flames propagating in droplet mists have been demonstrated as an important setup to fill
an old gap in the research of spray combustion. As well observed by Versaevel [25], spray com-
bustion test cases are mainly found in two extreme setups: single-droplet or polydisperse flows.
The last case predominantly involves turbulent carrier phase flows and is not far from real appli-
cation flames, which implies complex flow configurations. Since that study, new experimental
and numerical setups have been proposed (e.g., [6, 26–31]) to reduce the gap between these two
extreme setups. Recently, contributions following the numerical setup of one-dimensional flames
propagating in droplet mists coupled with a detailed description of the chemistry have been in-
creasing in the literature, e.g., [1, 25, 32–36]. Although the geometrical simplifications are clear
in such a numerical setup, it allows a good adherence with experimental measurements as shown
in [25]. Furthermore, such a setup is quite effective for evaluating parametric variations in ambient
conditions (e.g., temperature and pressure) and in the characteristics of the two-phase flow (e.g.,
initial droplet diameter, gas and liquid composition).

With the objective to contribute to the understanding of the interactions of hydrophilic fuel
droplets with reacting flows, this work presents numerical simulations of laminar flames propagat-
ing in quiescent droplet mists. In contrast to previous studies, a rigorous modeling approach [3]
for the heat and mass transfer on droplets is considered, which can accurately describe the energy
and the mass transport of both hydrophilic and non-hydrophilic fuels in reacting and non-reacting
flows. According to the adopted framework, the investigations conducted here complement and
give sequence to the previous studies presented by Shastry et al. [1] and Bonanni and Ihme [2],
which also present investigations of spray flames in one-dimensional domains including a detailed
description of the chemistry and multi-component droplet heat and mass transfer models. Here,
due to the emphasis placed on the hydrophilic behavior, effects of different liquid composition and
the consideration of air humidity are systematically analyzed for different equivalence ratios.

The paper is structured as follows. After this introduction, modeling approaches are concisely
described. Results are presented first, focusing on the impact of air humidity and then on the
water content in the fuel. A specific study about the faster flames observed for two-phase flows
compared to single-phase ones is presented. The paper ends with conclusions.

2. Modeling approaches

The one-dimensional reacting flow solver CHEM1D [37] was used for the numerical simula-
tions. It has been extended with a Lagrangian spray solver to study flames propagating in fuel and
non-fuel droplet mists [33, 34, 36]. Simulations of unstrained laminar flames propagating in qui-
escent mono-dispersed isotropic sprays are presented in this manuscript. Similar to what was done
in [1, 25, 32–36], the following assumptions are used: (a) the multi-dimensional characteristic of
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the droplets dispersion is not considered; and (b) mists are diluted, thereby no interaction between
droplets is accounted for. In the following, the resolved equations are briefly presented.

2.1. Gas Phase
The description of the carrier phase follows a variable-density low Mach number formulation.

Following the strategies presented in [33, 36–39], the set of equations employed here is:

dṁ
dx

=
∑

k

S k, (1)

d(ṁYi)
dx

−
d
dx

(ρYiVi) = ω̇i + δikS k, (2)

d(ṁh)
dx

= −
d
dx

−λdT
dx

+ ρ

N∑
i=1

YihiVi − RT
N∑

i=1

DT
i

XiMi

dXi

dx

 + S h, (3)

where ṁ = ρu is the mixture mass flux, x is the spatial coordinate, and S k is the source term of
vapor species k. Yi is the mass fraction of the species i ∈ [1,Ns − 1], Ns is the total number of
species, Vi is the diffusion velocity, ω̇i is the reaction rate, and δik is the Kronecker delta. h is the
absolute enthalpy of the mixture, hi is the absolute enthalpy of each transported species i, while S h

denotes the coupling term between phases. The first term on the RHS of Eq. 3 refers to the heat
flux, in which λ is the thermal conductivity, T is the temperature, R is the gas constant, DT

i is the
thermal diffusion coefficient, X is the molar fraction, and M is the molar mass. The computation
of the diffusion coefficients (Di,m and DT

i ) is performed following Ern and Giovangigli [40].
Although more recent chemical mechanisms are available in the literature to describe the ox-

idation of ethanol in air [41], the mechanism proposed by Marinov [42] was ultimately chosen
to conduct the presented analysis. It describes ethanol oxidation in air by means of 57 species
and 379 intermediate reactions. Marinov’s mechanism was found to be more robust and allowed
more stable solutions for the more than 4,000 simulations used for the present study 1. Preliminary
analyses with other mechanisms showed that, although absolute values of flame speed and specific
quantities may change slightly when considering different mechanisms, no changes were noticed
for the trends and conclusions discussed hereafter. In other words, as is the nature of extensive
parametric studies, a stable, cost-efficient, and sufficient reaction mechanism such as Marinov’s is
employed in order to allow the analysis of an extensive set of conditions without penalty to the
takeaways presented herein.

1It is essential to mention that, in principle, the maximum number of species and reactions that can be used in
CHEM1D is only limited by computational resources (memory). Typically, mechanisms of about a few hundred
species and a few thousand reactions can be used on a modern desktop computer. Accordingly, the software does not
impose a restriction for the usage of other mechanisms.
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2.2. Liquid Phase
Since multi-component droplets are accounted for, the main changes in the liquid phase mod-

eling compared to the previous works [33, 34, 36] refer to the heat and mass transfer. Herein, the
model of [3] is applied, which accounts for the differential diffusion of vapor into the gas phase 2

Heat and mass transfer on a droplet are given by:

q̇d = 4πRλ
Nu
2

(T∞ − Ts) +
∑

k

ṁd,kLk, ṁd = −4πRdρDk
Shk

2
BM,k. (4)

where q̇d is the heat transfer rate, Rd the droplet radius, λ the heat conductivity of the gaseous
mixture, Nu the Nusselt number, ṁd the mass transfer rate, ṁd,k the mass transfer rate of vapor
species k, Lk the vaporization enthalpy of species k, ρ the mixture density, Dk the multi-component
diffusion coefficient, and Shk the Sherwood number of vapor species k. Subscript s refers to
quantities evaluated at the droplet surface. By adopting uniform temperature and composition in
the droplet interior q̇d = md

(∑
k YL,kcL,k

)
dTd/dt, where YL,k is the liquid mass fraction and cL,k is

the liquid specific heat of vapor species k. Following [5], a general approach is to consider that:

Nu =
ln |BT + 1|

BT
Nu0, Shk =

ln
∣∣∣BM,k + 1

∣∣∣
BM,k

Sh0
k , (5)

Nu0 = 2 + 0.57Re1/2Pr1/3, Sh0
k = 2 + 0.57Re1/2Sck

1/3, (6)

where Nu0 refers to empirical correlations derived from non-evaporating moving droplets, and Sh0
k

is its analogous for mass transfer (see Eq. 6). Re = ρ|u∞ − ud|d/µ is the Reynolds number, u∞
the bulk flow velocity, ud and d the droplet velocity and diameter, µ the dynamic viscosity, Pr the
Prandtl number, and Sck = µ/ρDk the species k Schmidt number. BT and BM,k are the Spalding
numbers for energy and species k:

BT =
(T∞ − Ts)

∑
k cp,kṁd,k

q̇d −
∑

k ṁd,kLk
, BM,k =

ṁdYk,s − ṁdYk,∞

ṁd,k − ṁdYk,s
. (7)

The multi-component diffusion coefficient Dk is computed with the Wilke’s approach [44],
as in [3, 4]. Binary diffusion coefficients are computed with the Fuller-Giddings method [45].
Predominantly, the analysis conducted with the multi-component (MC) approach considers a non-
ideal VLE approach by using the van Laar model [46], which is in agreement with the charac-
teristics of ethanol and water mixtures (see, e.g., [3]). However, simulations are also conducted
with Raoult’s law [46] for VLE modeling in order to give support to important discussions. The
surrounding gas properties used for droplet phase change (i.e., µ, λ, cp, and Di j) are computed
following [34], where the gas composition in the far field follows the species diluted approach
(SD) including all participating species. The procedure adopted to couple both phases is detailed
in [33], which has been straightforwardly extended to multi-component mists.

2In [4], it has been shown that this model degenerates to the one of Abramzon and Sirignano [43], when the
number of species reduce to one. In this way, a single approach is sufficient to conduct simulations for single- and
multi-component scenarios.

5



Bearing in mind the objective of the present work to contribute to the understanding of the
interaction of hydrophilic fuel sprays with flames, the integral (0D) description of the droplets
heat and mass transfer is elected in tandem with other typical assumptions for CFD solvers (e.g.,
spherical droplets, point-particle, Fick’s law) such that the proposed conclusions are in agreement
with these applications. Hence, the presented analysis assumes that the liquid properties vary
with time but are uniform inside a droplet, i.e., infinite liquid conductivity and diffusivity (ILCD)
are adopted. Although the model proposed in [3] has no restriction about the inclusion of the
internal discretization of droplets, the ILCD simplification is assumed since the evaporation and
condensation of individual species are triggered by the gas phase modeling, which does not depend
on the description of the droplet interior. Therefore, the ILCD assumption is sufficient as a first
approach to evaluate the importance of the multi-component modeling even if the discretization of
the droplet’s interior is neglected. Following this choice, we are able to conduct isolate analyses
and avoid the combined effects of vapor transport through the gas film with the discretization of its
interior, which may mask the contribution of each modeling part. According to this assumption,
the obtained results can be seen as a reference for further and more complex studies accounting
for a more detailed description of the droplet interior. Furthermore, these results complement and
sequence the previous studies presented in [1] and [2], which consider the same modeling strategy.

2.3. Flame speed calculation
Great part of the conducted discussion in section 4 is based on the laminar flame speed, a

major quantity for turbulent flame modeling. Therefore, it is important to know how this quantity
is computed in CHEM1D. The procedure follows the flamelet theory described in [47]. First,
the flame speed v f is defined based on the propagation velocity of the corresponding density iso-
contour:

v f =

[
1
σ

d(σρu)
dx

+ ρK
]/ (

dρ
dx

)
, (8)

where K is the scalar stretch and σ is a measure for the flame area on the flame surfaces through
which transport takes place. The gas velocity ug and the burning velocity sL are determined at the
position of the inner layer, which is chosen as the location of the maximum heat release rate. The
burning velocity follows the difference between flame speed and gas velocity: sL = v f − ug.

In specific for steady flames, as considered in the present study, v f = 0 and, therefore, sL = −ug.
Note that this burning velocity changes in the flame because of the density variation. Therefore,
it is useful to consider the mass burning rate ṁb = ρsL. Finally, the laminar burning velocity with
respect to the unburnt side: sL,u = ṁb/ρu, is then achieved. The sL,u is the quantity employed in
the presented analysis hereafter.

3. Numerical setup

To investigate the interactions of hydrophilic fuel droplets with reacting flows, droplets are
injected 30 mm upstream of the flame front with an initial diameter (d0) of 50 µm. Variations
of initial droplet diameter have been investigated previously in [33, 34, 36] for single-component
fuel and non-fuel droplets. Herein, the initial droplet size has been selected as an intermediate
value between small droplets < 25 µm, which predominantly interact with the flame pre-heating
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zone, and large ones > 75 µm, which respectively tend to penetrate far into the flame oxidation
zone. The one-dimensional computational domain extends from -100 mm to 400 mm, in which
the flame front is held at the coordinate 0.0 mm3. For the different tested scenarios, variations
of the overall equivalence ratio (φover), i.e. the φ equivalent to when the spray is completely pre-
vaporized, are considered. By setting an overall equivalence ratio φover, the mass flow of liquid is
adjusted accordingly [33]. In all simulated cases, the inlet and initial droplet temperatures are 298
K 4. Here, humid air refers to 100% relative humidity, i.e. XH2O = 0.032 at 298 K.

In order to achieve the presented results, the procedure to obtain converged solutions is as
follows. A start case is first obtained from gaseous flame simulations for a given scenario. For that,
a stoichiometric flame is considered and the amount of liquid is gradually increased up to obtain
100% of fuel being injected as a liquid at the desired injection position. As a start case is achieved,
variations in φover are step-wise computed until the lean and rich quenching limits are reached.
The CPU time for a simulation strongly depends on the number of chosen control volumes, the
applied modeling approaches, and the actual value of φover. For instance, a step in φover near the
stoichiometry may take a few minutes, while the same step but close to the rich quenching limit
may take several hours or even days, if they converge at all. The strong variability of a single
one-dimensional flame’s run time corroborates the choice of a stable, cost-efficient and sufficient
reaction mechanism such as Marinov’s. For the present computations, the number of control
volumes varied from 500 to 1000. For the majority of the simulated flames, a converged solution
could be obtained for less than 300 points as an adaptive grid method [37] is applied. However, a
high number of cells were used to facilitate some post-processing routines. Simulations were run
until convergence was reached, which follows the same criteria originally applied for gas flames
in [37]. Details about numerical procedures applied for the numerical coupling of Eulerian and
Lagrangian routines can be found in [33, 34, 48]. In contrast to the methods described in [48],
herein the ordinary differential equations used to describe the Lagrangian phase are solved using
the fixed-order Runge-Kutta algorithm of 5th order proposed in [49].

4. Results

Results are presented in three sections. The focus is on the laminar flame speed and the in-
fluence of the multi-component modeling on this quantity. The first section concentrates on the
impacts of the multi-component modeling on flames propagating in droplets mists of pure hy-
drophilic fuel in humid and dry air. The second investigates the consequences of considering
droplets composed of a mixture of such a fuel and water for flames propagating in sprays. A
specific discussion about the faster flames observed for two-phase flows compared to single-phase
(SP) ones is conducted in the third section, where a novel justification for this phenomenon is
presented.

3The flame front position is where the gas temperature is increased by 200 K compared to the inlet temperature.
4It must be remembered that the mixture’s absolute enthalpy differs between SP and spray cases. The evaporative

cooling induced by the spray has been shown to decrease the flame speed in [33] and this trend must be considered in
the comparison between gaseous and spray cases.
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4.1. Pure hydrophilic fuel droplet in dry and humid air
The laminar flame speeds of spray flames in humid and dry air are presented in Fig. 1. Single-

phase laminar flame speeds are also included for reference in both conditions, i.e. humid and
dry air. The general trends are found to be consistent with the literature (e.g. [25, 32, 34, 36]).
Here, the focus is on the distinct behaviors observed when different modeling assumptions and
atmospheric conditions are considered.
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Figure 1: Laminar flame speed by overall equivalence ratio of single phase (SP) and two-phase freely propagating
flames for humid and dry air. In all mists, pure ethanol is injected. SC denotes single component and MC multi-
component droplet model. The label MCR specifically refers to the MC model computed with the ideal VLE approach,
i.e., Raoult’s law.

Focusing first on the results achieved with the single component (SC) approach, as it occurs
for single-phase flames, the inclusion of water vapor into the air stream leads to lower flame speed
values when compared to the results achieved with dry air. The consideration of this reaction
product already in the reactants stream may justify the anticipation of the quenching point to lower
values of φover, when compared with the dry air cases. However, the characteristic in which both SC
cases deviate between each other is to be highlighted. The deviations between both cases increase
as φover counter-intuitively increases, as less vapor is proportionally found in rich mixtures than in
lean ones. Nevertheless, this characteristic resembles what is observed for the fastest SP flames.
According to Liang et al. [50], the chemical kinetic effects of water addition over the single-phase
laminar flame speed are very small compared to thermophysical effects. In that study, the physical
and chemical effects of water addition in ethanol over laminar flame speeds were isolated through
a pseudo-species approach, and the chemical kinetic effects were very small. Hence, Liang et al.
[50] attributed the influence of water addition over ethanol flame speeds to be of a physical nature.

The importance of the consideration of a multi-component approach to describe hydrophilic
fuel droplets is evident in Fig. 1, regardless of the VLE approach. Since it is well known that
ethanol and water mixtures follow a non-ideal VLE, discussions presented hereafter refer to the
non-ideal VLE approach unless explicitly mentioned otherwise. By comparing SC and MC cases
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in dry air, flame speeds with the MC approach are always higher and deviations increase to a
maximum of approximately 10% as φover increases. By considering the MC approach, the water
formed in the combustion process is allowed to interact with the hydrophilic droplets5. Regard-
less of the VLE approach, droplet temperatures are bounded by the boiling point temperatures of
individual components, i.e., Tb,C2H5OH = 351.5 K and Tb,H2O = 373.2 K. Hence, when droplets do
not evaporate before reaching the reaction zone, a cold liquid structure interacts with the flame.
When the MC approach is turned on, water formed in the combustion process is able to conden-
sate on the droplet surface, releasing heat to heat up both gaseous and liquid phases. Specifically,
condensation causes the opposite effect of evaporative cooling.

Water condensation on droplets surfaces was predicted before starting this study, but such an
impact on flame speeds was unexpected. The presented results are novel, but not as contrasting as
those seen in Fig. 1 for the MC approach in humid atmospheres. As observed for SP cases and
for those of two-phase flows using the SC approach, by adding humidity, the laminar flame speed
decreases for the entire φover span. In contrast, with the inclusion of humidity when modeling
droplets with an MC approach, the flame propagation becomes faster as φover increases. Flames
are about 20% faster than those computed in dry air. In humid air, the differences are even larger
between MC and SC, but what is more contrasting is the different behaviors when adding humidity:
while humid air leads to slightly decreased flame speeds in the SC approach, there is a very strong
increase in flame speed in the MC approach.

To investigate these behaviors, ethanol, and water mass fractions profiles of the gaseous mix-
ture are presented in Fig. 2 with the gas temperature of flames for φover = 3.0. The overall
equivalence ratio φover = 3.0 is chosen since deviations among scenarios are more pronounced for
rich mixtures. However, as seen on the next colormaps, these are not exclusive to rich mixtures. In
this sense, there is also a motivation in this work to analyze scenarios that are closer to those found
in IC-engines operating in stratified conditions, where rich combustion can occur [51]. When
focusing on the dry air scenario, the presented profiles are close. Deviations are easier to notice
between the YH2O profiles, for which the MC case depicts lower values in the region where droplets
penetrate into the oxidation zone (see Fig. 3). Such lower values indicate that water vapor formed
by combustion reactions condensates on droplet surfaces when the MC description is enabled. The
condensation is confirmed through the profiles of liquid molar fractions and the coupling source
terms presented in Figs. 3 and 4. Due to the exothermic characteristic of the condensation mech-
anism, the temperature of both gaseous and liquid phases increases. Although minimal, this can
already be noticed in the gas temperature for the dry air scenario by comparing MC and SC cases.
Still, it is more pronounced in the humid air scenario. On the other hand, the increase of droplet
temperature is evident in Fig. 3 for both scenarios. The heat transfer caused by the condensation
mechanism, which is consequently induced by the hydrophilic nature of the fuel, partially justifies
the higher flame speed values indicated in Fig. 1.

No differences in ethanol mass fraction profiles are noticed at the primary evaporation zone
[52] in Fig. 2 for dry air. This is expected since droplet and gas compositions are the same in this
region. However, far into the reaction zone, ethanol emerges in both cases. Differences between
both profiles in dry air are justified by the slightly delayed evaporation of the remaining ethanol by

5In the SC approach, the droplet composition is fixed to a single species.
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MC droplets (see S C2H5OH profile in Fig. 4), which also penetrate farther into the flame (see Fig.
3).

When comparing both scenarios, deviations in humid air are much more evident than those of
dry air. Except for YC2H5OH and YH2O profiles, the general behaviors seen for dry air are maintained
for humid air. Both ethanol and water mass fraction profiles change in the primary evaporation
zone between approaches because of the interaction of the hydrophilic droplets with the air hu-
midity when enabling the MC model. Accordingly, water is allowed to condense on the droplet
surface already in the primary evaporation zone, increasing the mixture temperature arriving at
the flame front. It is essential to highlight that although the mixture temperature increases in the
primary vaporization zone, this is a local phenomenon. Far downstream the reaction zone, burnt
gases computed with both approaches reach the same temperature value as the numerical setup is
adiabatic. This can already be noticed in Fig. 2. As a result, the ethanol mass fraction, as well
as gas and droplet temperatures, reaching the flame are higher with the MC approach. In contrast,
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the gaseous water mass fraction arriving at the reaction zone is lower with the MC approach.
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Figure 4: Evolution of reaction source terms ω̇k and coupling source terms S k for ethanol and water through the spatial
coordinate x at φover = 3.0. On the left: dry air; on the right: humid air. SC: black; MC: red.
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Before deepening into the justification of flame speed changes, it is important to remember the
procedure adopted for laminar flame speed computation. As presented in section 3, the adopted
approach to compute laminar flame speeds in CHEM1D is based on quantities obtained at the
inner layer, chosen as the location of the maximum heat release rate (HRR). Therefore, the main
phenomena impacting flame speeds are expected to be found upstream from the region where the
maximum HRR is found. As follows, the most important phenomenon observed in Fig. 4 refers
to the higher values of S C2H5OH in the reaction zone for the MC case when compared with the
SC approach for both dry and humid air. This shows that water condensation enhances ethanol
evaporation, which can be justified by the phase equilibrium that contemplates the droplet heat-up
and the change of the composition as depicted in Fig. 3. The intensification of ethanol evaporation
by enabling the MC approach occurs as soon as water starts to be formed in the flame, which
coincides with the reaction zone. As a consequence, fuel is directly injected into the high reaction
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rates region, intensifying them and allowing for an increase in the flame propagation velocity. The
proportionality between ωC2H5OH and chemical heat release rate (HRR) profiles presented in Fig.
5 corroborates this rationale. Concerning the scenario with humid air, the HRR profile is slightly
anticipated compared to its counterpart for both flames computed with the MC approach. This re-
sults from the higher mass fractions of ethanol that reach the flame front when water condensation
occurs already in the primary evaporation zone.

Results achieved with the simulations conducted with the MC model and Raoult’s law (MCR)
in Fig. 1 reinforce the discussions conducted so far and allow to go deep into the underlying
physics. Concentrating on the dry air scenario, flame speed values are slightly higher than those
achieved with the non-ideal VLE approach. This indicates that both VLE approaches deliver,
at least, similar results in the region that impacts the flame speed calculation, which is exactly
seen in Fig. 6. When comparing both VLE approaches, vapor pressures of both ethanol and
water are higher for the non-ideal than the ideal approach (see Fig. 1 in [53]). Exceptions are
when XL,C2H5OH > 0.8 where both approaches deliver similar vapor pressure values for ethanol,
and when XL,C2H5OH < 0.1 where both approaches deliver similar vapor pressure values for water.
Since pure ethanol is arriving at the flame and XL,C2H5OH > 0.8 in the reaction zone region (i.e.,
[0.0mm, 0.5mm]), it is therefore expected that the driven mechanism for water condensation is
relatively higher for the ideal approach, while the one for ethanol evaporation is the same. By
comparing droplet data in Fig. 6, it is evident that water condensation is more pronounced for
the MCR. However, although the deviations between results presented on the left of Fig. 6 are
remarkable, these are not great within and upstream from the reaction zone region. The quantities
presented on the right of Fig. 6 for the MCR case show slightly higher values for S C2H5OH and
ω̇H2O, whereas slightly smaller values for S H2O and ω̇C2H5OH, when compared to its non-ideal coun-
terpart. Accordingly, the slightly higher MCR flame speed values with respect to those calculated
for the MC case are originated from slightly different values of coupling and reaction source terms
at the reaction zone. Differences between approaches downstream of the reaction zone do not
affect flame speed calculations. Such results corroborate the previous justifications for the higher
flame speed values achieved for the MC approach in comparison to those computed with the SC
approach. Regarding the simulations conducted in humid air, the higher condensation of water
in the primary evaporation zone for MCR case enhances the ethanol availability and increases the
mixture temperature at the reaction zone, resulting in higher flame speeds when using the ideal
VLE approach.

At this point, it must be kept in mind the infinite liquid conductivity and diffusivity (ILCD)
simplification is used in this work. Due to the contrasting rates of diffusion transport in gaseous
and liquid phases (the time scale of liquid diffusion can be one order of magnitude higher than the
evaporation time scale in the present cases), a stratification of droplet composition in its interior is
expected.

If it is assumed that the simulated cases are limiting conditions that deliver the highest water
condensation rates when compared with cases where species stratification in the droplet interior
occurs, the amount of water condensed should not be higher than 2% in mass (XL,H2O is below 5%
in Fig. 3) for dry air simulations at the end of the region where HRR is peaking. The deposition
of this amount of water in the worst-case scenario (a stagnant shell of pure water) delivers a shell
thickness of less than 0.14 µm for a droplet of 50 µm of diameter, i.e., less than 0.5% of the droplet
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Figure 6: Evolution of selected quantities computed with the MC model and both VLE approaches in dry air through
the spatial coordinate x at φover = 3.0. MC: red, MCR: blue.

radius. In humid air simulations, which include phase change in the primary evaporation region,
the film thickness should still be very low and below 2% of the droplet radius. By considering only
the water condensed in the reaction zone, such a film thickness would be below 0.8% in humid air.
Namely, in the worst-case scenario, the formed film is quite thin.

Nevertheless, the worst-case scenario described above is not expected to occur due to the
miscibility of both species and to the mixing process in the droplet interior. As seen in Fig. 7 for
the cases with pure ethanol in dry air, the slip velocity (ugas − ud, where ugas is the velocity of the
gas phase and ud of the droplets) rises from zero to its maximum value exactly in the reaction zone
region. As a consequence, a Hill’s spherical vortex [6] is expected to be formed and, therefore,
intensify the species mixing in the liquid phase. Another aspect that must be pointed out refers to
the characteristics of water condensation in ethanol droplets. As seen in [54] for an ethanol droplet,
the distribution of condensed water is not uniform on the droplet surface, which reinforces the low
possibility of forming a homogeneous layer covering a droplet.
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in pure ethanol droplet mists in dry air through the spatial coordinate x at φover = 3.0. Black: SC; red: MC approach.
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Although unlikely to occur, in case a thin layer with a higher concentration of water on the
droplet surface is formed , the phase change processes may not significantly contrast with those
computed here. As seen in [55, 56], due to the non-ideal VLE of ethanol and water mixtures, the
vapor pressure of ethanol remains high for a wide range of liquid molar fractions. Thus, forming
a layer with a high water concentration involving a droplet may not significantly contrast with the
achieved mass transfer rates.

From Fig. 7, it is clear that the mist is quiescent in the primary evaporation region, while in
the reaction zone, the slip velocity is not low. This allows us to question the characteristics of the
droplet-flow interaction. By verifying the amount of liquid in the highest φover considered in this
study, it can be obtained that the spray is still in the dilute regime. Therefore, the droplet-flow
interaction is expected to be negligible.

So far, analyses were concentrated on a single value of overall equivalence ratio, i.e., φover = 3.0.
Nevertheless, such discussions are valid throughout the computed φover. To demonstrate this, Figs.
8, 9, and 10 present colormaps of selected quantities. Such colormaps were constructed with the
computed flames in a grid defined by φover and the spatial coordinate x.

In Figs. 8 and 9 selected quantities from flames computed in both SC and MC approaches
in dry air are presented and compared using deviation plots. To compute such deviations, the
following expression is used εψ = ψ−ψref, where ψ refers to the compared quantity and subscripts
ref to a reference value, i.e. the quantity specified in the caption of the colormap figures.

Gas and droplet temperatures, as well as water mass fractions in the gas phase, show similar
behaviors to those previously noticed in profile plots. As the values of φover increase, droplet
penetration increases and the behavior noticed for gas and droplet temperatures at φover = 3.0
is replicated. However, the evolution of YH2O does not follow a regular shape throughout φover.
From results achieved for both SC and MC approaches, YH2O profiles depict a monotonic behavior
through x up to φover ≈ 3.0. Around this value of φover, the mass fraction of water reaches a
maximum. But, for mixtures richer than φover ≈ 3.0, the YH2O reaches a maximum between 0mm
and 10mm, then slowly decreases. This occurs due to the high penetration of the droplet into
the oxidation zone and the late injection of fuel and absorption of water in MC cases, as noticed
through the YC2H5OH profiles in Fig. 10 6.

The remaining key quantities used to justify the flame speed behavior in the different scenarios
are presented in Fig. 9. The coupling source terms follow the trend noticed in the profile plots.
Throughout the φover, no shape changes are noticed, but values are higher for cases computed
with the MC approach. In contrast, the remaining source terms in Fig. 9 do not show such
a regular behavior. From the leanest to the highest φover, the negative peak values of ω̇C2H5OH

regularly approach the position 0.0 mm and become more intense. Such a behavior is maintained
until φover ≈ 2.5 is reached. For richer mixtures, a second one appears downstream of the first
ω̇C2H5OH negative peak, indicating the decomposition of the later released ethanol by droplets into
the oxidation zone. Despite this bimodal shape of ω̇C2H5OH through x, the HRR profiles become
gradually more concentrated and intense as φover becomes higher until the corresponding value of
the maximum laminar flame speed is reached. The deviation plot of HRR indicates that, as φover

6Notice that colormaps of the MC computation in humid air are plotted in both Figs. 8 and 10.
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Figure 8: Colormaps of selected quantities of flames computed with the SC and the MC approaches in dry air.
Left: SC; middle: MC; right: deviations between SC and MC approaches. Black line: penetration threshold for SC
approach; green line: droplet injection position; dashed line: penetration threshold for MC approach in deviation
plots. Reference for deviation plots: MC approach.

increases, the point where the HRR achieved with the SC approach surpasses those achieved with
the MC approach (seen in Fig. 5) gradually moves upstream the flame. In both scenarios, the
HRR slowly decreases for richer mixtures until the quenching point is reached. Furthermore, the
deviations plots presented in Fig. 9 reinforce the alignment between ω̇C2H5OH and the HRR in the
inner layer throughout φover. Altogether, the colormaps presented in Figs. 8 and 9 corroborate the
reasoning presented in terms of profile plots to justify the flame speed behavior noticed throughout
φover in Fig. 1 when including or neglecting the MC description of hydrophilic fuels.

This section is closed by discussing the colormaps of selected quantities that are more perti-
nent when the MC description is enabled, in Fig. 10. The impacts of considering air humidity
are clearly noticed in YC2H5OH in Fig. 10. As with profile plots, water in the fresh reactants in-
tensifies the primary evaporation of ethanol. This phenomenon increases with φover, corroborating
the justification given to the increase of the flame speed as the mixture becomes richer. Also, in
YC2H5OH colormaps, as the primary evaporation increases, less ethanol is available in the droplets
and the amount of ethanol released in the oxidation zone decreases. The corresponding change in
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Figure 9: Colormaps of selected source terms of flames computed with the SC and the MC approaches in dry air. Left:
SC; middle: MC; right: deviations between SC and MC approaches. Reference for deviation plots: MC approach.

droplet composition is reported in terms of the liquid molar fraction of fuel in the second row of
Fig. 10. As a droplet moves through the flame, its composition changes from pure fuel to pure
water. The presence of air humidity accelerates this process and, in this scenario, droplets interact-
ing with flames have a higher amount of water. Further, droplets in humid air penetrate more into
the oxidation zone than droplets in dry air, due to the lowers evaporation rate of water. Regarding
XL,C2H5OH, the variation from lean to rich mixtures is obviously due to the increase in φover. Also,
we notice that the available ethanol at the flame location is increasing with φover. It confirms that
primary evaporation is a first source of flame speed increase, as more gaseous fuel is immediately
available to feed the flame.

Another important quantity to be tracked in MC scenarios is the coupling source term of water
S H2O. By comparing humid and dry air scenarios, water starts to condense as soon as droplets are
injected into a humid atmosphere. Since no water is available in the primary evaporation zone with
dry air, S H2O is zero in this region. However, the more intense values of S H2O occur in the reaction
zone for both cases, which are focused in Fig. 10. This is more pronounced as φover increases.
Further deviations are noticed in the oxidation zone due to the contrasting droplet compositions.
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Figure 10: Colormaps of ethanol mass fraction in the gas phase (YC2H5OH), of ethanol liquid molar fraction (XL,C2H5OH)
and of the coupling source term of water (S H2O) of flames computed with the MC approach in dry and humid air. Left:
dry air; middle: humid air; right: deviations between flames in dry and humid air. Black line: penetration threshold;
green line: droplet injection position; dashed line: penetration threshold for humid air in deviation plots. Reference
for deviation plots: humid air.

In humid air scenarios, high values of S H2O in the oxidation zone indicate the low absorption of
water vapor caused by the higher XL,H2O values.

4.2. Analysis of hydrous ethanol
Following the investigation of pure hydrophilic fuel droplets interacting with flames, it is a

natural choice to analyze how such an interaction evolves for multi-component droplets composed
of hydrophilic fuel and water. Throughout this section, droplets are composed of binary mixtures
of ethanol and water, i.e., 92.5% of ethanol and 7.5% of water in mass, following the composition
of hydrous ethanol with a higher percentage of water specified in [57].

Laminar flame speeds are presented in Fig. 11 against φover, in humid and dry air. In contrast to
Fig. 1, the influence of mixing water with fuel in the liquid phase follows the expected trend: the
hydrous ethanol delivers lower flame speed values than the corresponding cases of pure ethanol.
However, the influence of air humidity follows the same trends previously noticed for pure ethanol.
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for humid and dry air. In all mists, the MC approach is applied.

Figures 12 and 13 present profiles plots for φover = 3.0 of the same quantities as in Sec. 4.1.
In view of the quantities used to justify the flame speed, differences between cases computed with
hydrous ethanol in dry and humid air are more pronounced for gaseous mass fractions, liquid
molar fractions, reaction rates, and HRR. The intensification of the flame speed values from dry
to humid air, as seen in Fig. 11 for hydrous ethanol cases, can be justified by the higher mass
fraction of ethanol arriving at the flame front. The higher release of ethanol vapor into the reaction
zone does occur but is less pronounced than the primary evaporation of ethanol before reaching
the flame. Accordingly, it is expected that, by reducing the droplet injection distance, flame speed
values computed in dry and humid atmospheres will approach each other. However, the minimal
evaporation of fuel in the primary evaporation zone and the higher release of fuel vapor straight
into the reaction zone shall preserve higher flame speed values for cases computed in humid air7.

The composition of the hydrous ethanol droplets, typical for commercial fuels in Brazil, might
generate the so-called inversion problem, first documented in [3] and where the less volatile com-
ponent leaves the droplet first. Simulations conducted in [3] are performed for single droplets in
atmospheres with fixed or varying composition, not modified by the vapor released or collected by
droplets. Within that context, it was possible to observe for binary droplets of alcohols and water
that water ultimately left the droplet first. This phenomenon is suppressed by including minimal
water vapor in the far-field gas. The required amount depends on the liquid composition, initial
gas and liquid temperatures, and VLE and vapor pressure modeling approaches. In the present
work and following the procedure applied in [3] for a fixed far field gas composition and temper-
ature of 298K at 101.325kPa, the inversion problem is suppressed for the chosen hydrous ethanol
composition for a relative humidity higher than 1.5%, i.e. YH2O = 0.0003. Here, the small amount
of water released by droplets in the near field of the injection allows a value of YH2O > 0.0003. As

7With respect to the applied modeling strategy for the liquid phase, the same issues discussed for anhydrous ethanol
droplets in section 4.1 do also apply for hydrous ethanol simulations.
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Figure 13: Evolution of selected source terms through the spatial coordinate x at φover = 3.0. Black: dry air; red:
humid air.

a result, the inversion problem is suppressed, and the evolution of XL,H2O presented in Figs. 12 and
14 show that water is the last component remaining in both conditions, dry and humid air.

The results presented in Fig. 14 indicate that penetration is farther into the flame for cases
computed with humid air. This behavior agrees with the previously reported results for anhydrous
ethanol. The water mass fraction and liquid molar fraction colormaps point out that the interaction
of droplets and the air humidity in the primary evaporation zone are the main sources of deviation
between both scenarios. In humid air simulations, droplets arrive at the flames with more water. As
the water evaporation rate is smaller than that of ethanol, droplets penetrate farther in the oxidation
zone. The contour plots of the coupling source term S H2O point out the differences between both
scenarios. As no humidity is present in the primary evaporation zone of the dry air simulations,
this term is slightly positive for x < 0.0. As droplets start to interact with the flame, strong
condensation occurs since S H2O < 0. A rapid inversion to an evaporation mode (S H2O > 0) follows
as the high temperatures of the gas phase shift droplets temperature to a plateau (see Fig. 12),
consequently indicating that both ethanol and water are leaving the droplets. For the colormaps of
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Figure 14: Colormaps of selected quantities of flames computed with hydrous ethanol in dry and humid air. Left:
dry air; middle: humid air; right: deviations between flames in dry and humid air. Black line: penetration threshold;
green line: droplet injection position; dashed line: penetration threshold for humid air in deviation plots. Reference
for deviation plots: humid air.
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ω̇H2O and HRR, both depict similar behaviors. Values become more intense and concentrated with
φover in a straight zone from 0.0mm to 1.0mm. Although simulations with dry air allow a larger
span of φover, values of both ω̇H2O and HRR are predominantly more intense for the humid air case.
In summary, the results presented in Fig. 14 corroborate the reasoning presented regarding profile
plots to justify the higher flame speed achieved in humid rather than dry air.

4.3. Explanation about faster flames encountered in spray combustion
Flames propagating in droplet mists may show higher maximum laminar flame speed values

than flames in mixtures of gaseous reactants. This behavior occurs besides the higher absolute
enthalpy of gaseous flames at similar overall equivalence ratios. This phenomenon was early
noticed in experimental works (e.g., [58, 59]) and later reproduced numerically in one-dimensional
flames described by detailed reaction mechanisms (e.g. [32, 33]). Although many rationales were
used to explain such high flame speeds in the literature, none seem sufficient to justify it.

Different mathematical expressions are available to estimate the laminar flame speed (sl) of
gaseous flames (e.g., [60–62]). Kuehne et al. [63] present an equation that allows the computation
of the consumption speed (sc) in terms of the source term of a reaction progress variable ω̇pv:

sc ∝

∫ ∞

−∞

ω̇pvdx ; in which sl = sc − uu (9)

and uu refers to the unburnt gas velocity. Such an expression offers an advantage to analyze
flames propagating in droplet mists, since according to the composition of the reaction progress
variable (Ypv), a phase coupling term can be avoided in its corresponding transport equation. As
a result, a clearer connection between sl and the integral of ω̇pv is noticed when compared with
other expressions based on the integral of the HRR and the reaction rates (e.g., summarized in
[36]), which account for coupling source terms. Results presented in Fig. 15 demonstrate that the
proportionality presented for gaseous flames in Eq. 9 also holds for flames propagating in droplet
mists. Specifically, results presented in Fig. 15 do not coincide with the previous ones presented
throughout this manuscript due to the diffusion transport model chosen for the analysis presented
in this section, as explained in what follows.

During the development of the present work, some analyses have been conducted about the
evolution of the spray flames in terms of the local mixture fraction (Z) and the reaction progress
variable employed in [64], i.e. Ypv = YCO2/MCO2 + YH2O/2.5MH2O + YCO/1.5MCO. In contrast to
premixed gaseous flames, where only Ypv varies for a fixed Z, there is a simultaneous evolution of
Z and Ypv in spray flames, due to the gradual release of vapor across the flame by droplets. This
was previously discussed in [33] and is plotted in Fig. 16 over a Flamelet Generated Manifold
(FGM) colored by ω̇pv. To allow a better approximation of the reaction stages among spray flames
and the FGM depicted in Fig. 16, the considered spray flames in this section do not account for
evaporative cooling effects (see [33]) and are based on the SC approach, with the diffusive transport
being modeled following the unity Lewis number strategy by enforcing that Sc = Pr = 0.7. The
FGM was constructed with premixed gaseous flamelets computed with the mechanism proposed
in [42] for φ ∈ [0.47, 1.97] following a similar strategy employed in [14]. The same diffusion
transport approach applied for the spray flames is used to compute the premixed gaseous flamelets.
As shown in [14], simulations conducted with, virtually, the same FGM table are able to recover

21



    0

    5

   10

   15

   20

   25

   30

   35

 0  1  2  3  4
 0

 2

 4

 6

 8

 10

 12

 14

 16

 18

F
la

m
e

 s
p

e
e

d
 [

c
m

/s
]

1
0

0
*∫

ω
p

v
 [

g
/m

2
s
]

φover [-]

sl
∫ωpv

Figure 15: Laminar flame speed and
∫ ∞
−∞

ω̇pvdx by equivalence ratio of single phase (SP) freely propagating flames
and flames propagating in droplets mists with d0
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the laminar flame speed of flames propagating in droplets mists for a range of φover and d0
d. In Fig.

16 the paths of the fastest flames found in Fig. 15 for the gaseous flames and for those associated
with the d0 = 25 µm and d0 = 50 µm mists are traced over a ω̇pv manifold.

Figure 16: Flame paths ploted over a Flamelet Generated Manifold colored by ω̇pv. Black line refers to the fastest
gaseous flame while magenta refers to flames propagating in droplet mists. Dashed line: d0

d = 25µm and dotted line:
d0

d = 50µm.

By analyzing the evolution of flames propagating in droplet mists in Fig. 16 it turns out that,
according to the vapor release rate across the flame, reaction paths are able to cross a broader
region of high values of ω̇pv when compared to premixed gaseous flames. Figure 17 presents
profiles of ω̇pv and of HRR for the three flames traced over the FGM in Fig. 16. As noticed, the
flames propagating in droplets mists depict broader regions where ω̇pv > 0.

In conclusion, the distribution of fuel throughout the flame by the mass transfer among phases
leads to an increase in the reaction rate, which consequently impacts the flame speed. On one hand,
in terms of a valid progress variable, the fuel injection into the carrier phase by the coupling source
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terms allows further formation of combustion products at high reaction rates, which is revealed
by the continuous and distributed values of ω̇pv throughout the flame. On the other hand, the
interaction between droplets and flames adds fuel enthalpy throughout the reaction zone, allowing
the enhancement of the heat release rate within the reaction zone. As a result, flame speed is
intensified when compared to gaseous combustion. This observation is not restricted to flames
neglecting the evaporative cooling and is not specific to the unity Lewis number approach.

5. Conclusions

Flames propagating in droplet mists were simulated with a detailed description of the chemistry
and the diffusion transport for different hydrophilic fuel compositions to pose the importance of
considering the multi-component description of liquid fuels. Analyses systematically evolve from
single to two-phase flows and single to multi-component modeling approaches. To rigorously
account for the differential diffusion of vapor into the gas flow, the approach proposed in [14]
was applied. New findings are presented regarding the flame speed, which were carefully justified
throughout the manuscript. In addition, a new justification is presented for the observed higher
flame speed values of flames propagating in droplet mists when compared to single-phase flames.
The results show that describing a hydrophilic fuel as a single-component substance suppresses
the description of essential phenomena for reacting two-phase flows.

Results are first concentrated on simulations of flames propagating in sprays of a pure hy-
drophilic fuel. Therein, important findings were obtained. As soon as the multi-component ap-
proach is enabled, flame speeds become higher than those achieved with the single-component
approach. Very contrasting is the inverse behavior of the flame speed values when computations
were performed considering humid air. Instead of being reduced, as seen for single phase flames or
for flames in mists using the single component approach, flames in humid air propagate faster by
including multi-component phenomena. These phenomena could be properly justified by the de-
tailed description of each species’ heat and mass transfer mechanisms, as allowed by the adopted
modeling strategy.
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Then, investigations of flames propagating in droplet mists formed by binary mixtures of
ethanol and water were conducted. In general, behaviors noticed for pure ethanol droplets are
reproduced for hydrous ethanol. Nevertheless, hydrous ethanol flame speeds are lower than those
obtained with pure ethanol droplets given a specific atmosphere. Special attention is paid to the
so-called inversion problem, noticed in [3]. However, the two-way coupling, included for the first
time with the approach proposed in [14], inhibits such a phenomenon for the simulated setups as
water vapor becomes present in the far field.

Specifically from the investigations conducted with a pure fuel in dry air, it turns out that the
multi-component description of the droplet heat and mass transfer is necessary to properly describe
the impact of the fuel’s hydrophilicity on flame propagation. Without properly accounting for the
vapor transport in droplet heat and mass transfer models, important phenomena for reacting spray
flows are suppressed.

The investigations accounting for air humidity indicate that this quantity influences basic flame
characteristics. Although the extent of such an influence may depend on the adopted model-
ing strategies (such as the description of the droplet interior and the consideration of spherical
symmetry), it’s existence became evident through the conducted analyses. We highlight that the
achieved results have not been observed experimentally so far, as it is not a common practice to
control air humidity in reacting flow measurements. Therefore, the achieved outcomes can also be
used as a motivation for subsequent experimental analyses. Further investigations considering a
more detailed descriptions of the droplet interior are desired, and these are left for future works.

The present study is also expected to contribute to the technological development for the usage
of biofuels. A particular focus was given to ethanol due to its increasing usage for transportation
purposes. However, other alcohols, such as methanol and ketones, are expected to demonstrate the
same behavior because of their corresponding hydrophilic characteristic.
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[26] G. Castanet, F. Lemoine, Heat transfer within combusting droplets, Proc. Combust. Inst. 31 II (2007) 2141–

2148.
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