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Abstract
Droplets evaporating in a combustion environment usually face a strong variation of the surrounding gas composition during their respective lifetimes. Studies have been demonstrated
that different approaches applied to represent the surrounding gas composition do interfere
with the prediction of evaporation rates, mixture properties, and, consequently, flame characteristics as the propagation speed. Effects of gas phase modeling may change when the
atmosphere is less diluted with inert (or less reactive) species as in oxy-fuel combustion atmospheres, where the oxidant is depleted in nitrogen. Considering air-blown and oxy-fuel
combustion atmospheres, this work proposes consistent modeling simplifications to be applied
to droplet evaporation computations. To accomplish this task, numerical simulations of flames
propagating in droplet mists of water are conducted in a one-dimensional framework considering a detailed description of the chemistry. Analysis evolves gradually in a systematic fashion,
considering the full description of the chemistry in properties description up to the most simplified approaches. It is found that the flame speeds vary by 10% for the different approximations.
Results summarize effects of the different applied simplifications and indicate their impact in
simulations of combustion processes.
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Introduction
Heat and mass transfer on droplets do strongly depend on the carrier gas composition [8,
14, 17, 18]. While the accurate and detailed description of the gas composition is not a trouble in non-reactive atmospheres, it becomes a challenge in combustion processes. On one
hand, combustion processes may involve hundreds of species which may interact in a complex
fashion following thousands of intermediary reactions. On the other hand, detailed information about the mixture composition is seldom available in numerical simulations of combustion
processes, as simplified chemistry models are often applied. With this aspect in mind, recent
works have concentrated efforts on proposing different approaches to improve the description
of surrounding gas composition of evaporating droplets in combustion simulations. Preliminary
analyses conducted in [13] indicated that simplifications of the surrounding gas composition
are able to interfere not only with the evaporation rates, but also with the prediction of flame
propagation speeds. This study was deepened in [14], where a novel strategy to represent the
surrounding gas properties of droplets evaporating in a combustion environment is presented.
Different approaches have been also proposed recently in [2, 5, 6, 16]. Those presented in [5],
[6], and [2] are developed in the context of tabulated chemistry, while the strategy presented
in [16] has no limitations to chemistry models as the one proposed in [14]. A common characteristic to all of these previous works refers to the consideration of fuel droplets, in which the
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evaporation process is responsible to deliver fuel vapor to the combustion reactions. Another
common aspect refers to the focus on the air-blown process, where air is used as an oxidizer.
An exception occurs in [6], where Moderate or Intense Low-oxygen Dilution (MILD) combustion
is considered. During the development of [10], where methane oxy-fuel flames diluted with
water droplets were studied, it was noticed that the performance of simplifications applied to
represent the surrounding gas composition differ from air-blown to oxy-fuel processes. Additionally, the consideration of a combustion flue gas species as the liquid vapor requires a special
care when using previously proposed models, for instance the one presented in [14].
In view of the previously listed aspects, this work investigates and proposes consistent modeling
simplifications to represent the surrounding gas composition of water droplets in air-blown and
oxy-fuel combustion atmospheres. Accordingly, numerical simulations of flames propagating
in droplet mists of water are performed in a one-dimensional framework considering a detailed
description of the chemistry. Analysis evolves gradually in a systematic fashion, considering the
full description of the surrounding mixture composition up to the most simplified approaches.
This work can be seen as a continuation of both [14] and [10], as it complement the modeling
strategies proposed in [14] and improve the computational efficiency of water diluted oxy-fuel
combustion from the methodology applied in [10].
Material and methods
Analysis were conducted with the CFD code CHEM1D [19], which has been extended with a
Lagrangian module in [15] and gradually enhanced in [14] and [10] to investigate flames propagating in fuel and non-fuel droplet mists. Herein, two-phase flow simulations are performed
within a Eulerian-Lagrangian framework, in which a full inter-phase two-way coupling is considered. Following this modeling strategy, the simulations presented in this manuscript mimic
unstrained laminar flames propagating in mono-dispersed and isotropic droplet mists. In order
to isolate the diverse underlying phenomena (as done in [9, 14, 15]), the following simplifications and approximations are considered: (a) the multi-dimensional aspects of the droplets dispersion does not modify the flame surface, (b) mists are diluted, thereby no interaction among
droplets is accounted for, (c) no micro-mixing model is included, so that all the mass evaporated
from a drop instantaneously fills the host control volume. Additionally, when a droplet crosses a
cell boundary a splitting factor is used to interpolate the source of vapor between the two host
control volumes. In our Lagrangian algorithms, parcels are tracked instead of real drops. In this
way, a parcel may represent more or even less than one real drop. The role played by them can
be illustrated as a dispersed source of water vapor which follows the physical models described
in the two following sections. For more details about the numerical methods and simplifications
applied to the dispersed phase the reader is referred to [14, 15].
Gas Phase
The description of the carrier phase follows a variable-density low Mach number formulation.
Following the strategies presented in [10, 15, 19], the set of equations employed here is
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Equation 1 ensures the mass conservation of the coupled system, where ṁ = ρu is the mixture
L
mass flux, x the spatial coordinate, and SV
the source term of vapor. The transport of chemical
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species is described by Eq. 2. Herein, Yi is the mass fraction of the species i ∈ [1, Ns − 1], Ns
total number of participating species, Vi is the diffusion velocity, ω̇i the reaction rate, and δik the
Kronecker delta. The subscript k in Eq. 2 refers to the vapor species. The last equation of this
set is associated with the conservation of energy, which is expressed in terms of the absolute
enthalpy h. The absolute enthalpy of each transported species is represented by hi , while the
coupling term between phases is denoted by ShL . For details about the coupling source terms,
the reader is referred to [15]. Finally, q corresponds to the heat flux in which λ the thermal
conductivity, T the temperature, R the gas constant, DiT the thermal diffusion coefficient, X
molar fraction, and M molar mass. The last term on the RHS of Yi Vi equation (see Eq. 2)
includes Soret effects on mass transport. Within this approach, diffusion coefficients (Di,m and
DiT ) are estimated following the strategy proposed by Ern and Giovangigli [4].
Liquid Phase
In the one-dimensional Lagrangian framework, the tracking of a parcel is essentially described
by two ordinary differential equations (ODE) (e.g. Sirignano [18])
dxp
= up ,
dt

and

dup
3 CD ρ
|u − up |(u − up ),
=
dt
4 dp ρp

(4)

for the parcel position and acceleration, respectively. In the present context, drag is the unique
force acting on a droplet. For both equations, the subscript p indicates quantities of droplet
parcels. Specifically, xp corresponds to the droplet position, ρ is the density, u the velocity, t is
time, and dp the droplet diameter. To compute the drag coefficient CD the model recommended
by Yuen and Chen [20] is adopted.
The structures of heat and mass transfer equations follow those proposed by Miller et al.
[8], which are implemented in Chem1D [15]. Within this formulation, the Abramzon-Sirignano
model (see [1]) is adopted in the present study. Accordingly, both equations are given by
 




dTp
dmp
f2 Nu θ1
LV ṁp
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with T the temperature, Nu the Nusselt number, f2 = −ṁp / (mp BT ) [3τp Pr /Nu] a correction
factor due to evaporation, Pr the Prandtl number, LV the heat of vaporization, θ1 = (cp,V /cl ),
cl the specific heat of the liquid, τp = ρp d2p /18µ expresses the particle relaxation time, and
ṁp = dmp /dt. In Eq. 5, Sh is the Sherwood number, Sc the gas Schmidt number, and HM
represents the specific driving potential for mass transfer (HM = ln [1 + BM,eq ]). The nondimensional numbers Pr and Sc are explicitly computed at each time integration of the evaporation equations based on material properties of the mixture film surrounding each tracked
droplet. Notice that both are also used to compute the Le = Sc/Pr , which is consequently employed for instance in heat transfer Spalding number calculation (e.g. [14]). Within equations
presented for f2 , θ1 , and HM , cp is the specific heat at constant pressure, BT and BM denote
the Spalding transfer numbers for heat and mass, respectively. Subscripts G and V correspond
to surrounding gas properties and vapor properties, while eq refers to properties evaluated with
the assumption of phase equilibrium. Observe that heat transfer by radiation is not considered
in dispersed phase computations.
An important aspect is that the carrier phase is described in a steady-state formulation, while
the dispersed phase follows an unsteady framework. To couple both approaches, the methodology proposed in [15] is applied here.
The surrounding gas properties exclusively used in Lagrangian subroutines (i.e. µ, λ, cp , and
Dij ) are key quantities for the proposed approach in the present work. Herein, we follow the
strategy detailed in [14], where the gas composition in the far field follows the species diluted
(SD) approach. Briefly, the proposed approaches in [14] rely on the concept that, when an
insufficient number of species is available to detail the mixture composition of the carrier gas,
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P
a specific species is used as a "filling gas" to attain that N
i Yi = 1. This is a typical problem in
tabulated chemistry simulations, where only a few species are available in order to save memory [2, 6, 14]. Within this context, vapor species is one of the few that must be available for the
computation of droplet evaporation, where the remaining gas mixture is often represented by
air [11, 12]. Both approaches presented in [14] overcomes such a simplification by including
a few more species to represent the surrounding gas properties. However, when considering oxy-fuel combustion diluted with liquid water, a conceptual discrepancy is noticed when
straightly considering the methodology proposed in [14]: no single species abundantly occurs
in pre- and post-flame regions as the N2 in air-blown combustion to be used as a "filling gas".
Therefore, in the present investigations the surrounding gas mixture is simplified by a couple of
major species, in which their molar fractions are re-scaled according to
!
Xmajor
∗
Xi = Xi PM
, with Xmajor = 1 − Xvapor and j = 1, 2, ..., M,
(6)
j Xj
where M is the total number and j is the list index of the selected major species.
Results and discussion
The evaluation of the carrier gas modeling is structured in three approaches: (A1) detailed
description (reference), (A2) combination of selected major species, and (A3) pure air. This
evaluation is conducted in three different scenarios, which are defined by the oxidizer composition: (S1) pure air, (S2) pure O2 , and (S3) a mixture of 50%O2 and 50%N2 in volume. In
oxy-fuel scenarios (i.e. S2 and S3), flames propagating in droplet mists are considered within
an equivalence ratio (φ) range of [0.6, 1.4], while in air-blown this range is reduced to [0.9, 1.4].
For all scenarios, droplets are injected with an initial diameter of 40 µm at 3.0 cm upstream of
the reaction zone, which is in agreement with [10] as well as the definition of the scenario S3.
In order to select the major species used to calculate the carrier gas properties µ, λ, cp , and
Dij , the procedure presented in [14] is applied on the reference results associated with each
scenario. Namely, simulations conducted with a detailed description of carrier gas composition,
for a mixture composition within the corresponding φ range, and droplet initial diameter of 75
µm (in agreement with [14]). Table 1 summarizes the ten species of highest mass fractions
along the corresponding droplets lifetimes for each scenario. It is important to mention that
the evaluation of the impact of species combination on specific properties (i.e. µ, λ, cp , and
Dij ) as done in [14] is subject of future works. In the present study, the impact of different
modeling strategies for the carrier gas are only evaluated in terms of the flame propagation
speed. However, the know-how developed in [14] is embedded in many choices and decisions
taken throughout this study, for instance in the choice of common major species to all scenarios.
Table 1. Major species ranking list by oxidizer specification (Ox.).

Ox.\Rank.

1

2
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4
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S1
S2
S3

N2
CO2
N2

CO2
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CO2

O2
CO
O2

CO
OH
CO

CH4
O
OH

H2
H2
NO

OH
CH4
O

O
H
H2

NO
HO2
CH4

H
H2 O2
H

From the results presented in Table 1, a common major species combination is proposed to
represent the different investigated scenarios. Accordingly, the combination CO2 + O2 + CO +
OH + H2 + CH4 has been chosen, hereafter denoted by MC. This choice was based on the
occurrence of such species in all investigated scenarios, while preserving a minimum number
of two species to describe both pre- and post-flame regions. The inclusion of H2 in the MC
combination follows the great contribution of such species in properties prediction perceived in
[14]. Particularly, this low molecular weight interferes in the adopted selection of major species,
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Figure 1. Air-blown scenario (S1). Left: sl,s (continuous line) and εi (dash-dot line) values for different mixture
compositions. Right: normalized mass fractions of major species following the ranking presented in Table 1.
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Figure 2. Pure oxy-fuel scenario (S2). Left: sl,s (continuous line) and εi (dash-dot line) values for different mixture
compositions. Right: normalized mass fractions of major species following the ranking presented in Table 1.
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Figure 3. Scenario with an oxidizer composition of 50%O2 and 50%N2 (S3). Left: sl,s (continuous line) and εi
(dash-dot line) values for different mixture compositions. Right: normalized mass fractions of major species
following the ranking presented in Table 1.

which is based on mass fractions.
Figures 1–3 presents values of the laminar flame speed (sl,s ) for different mixture compositions
and the normalized mass fraction (Ȳ ) of major species k respectively for the scenarios with
oxidizer composition of pure air (S1), pure O2 (S2), and 50%O2 and 50%N2 (S3). Additionally,
in flame speed plots, deviations for each tested simplification case (εj - j is the index of a
specific simplification case) to the corresponding reference are included. On the right side of
Figs. 1–3, the normalized mass fractions of major species following the ranking presented in
Table 1 are exhibited. These bar plots allow to identify the relative importance, in terms of mass
fractions, of each selected major species for the computation of the carrier gas properties.
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By comparing the different carrier gas simplifications in each scenario, it turns out that the
simplification of the carrier gas as pure air delivers a good agreement with the reference case
in all scenarios. This outcome was not expected in the oxy-fuel combustion scenario where the
oxidizer is composed of pure O2 . However, some care must be taken on the interpretation of
such results. To obtain a general performance of such a simplification to oxy-fuel combustion
diluted with liquid water, variations in mists characteristics must be accounted for.
The simplification of the carrier gas mixture by a combination of common species to all the different scenarios demonstrated to be insufficient as a universal combination to such scenarios.
Within the so-called MC combination, N2 is not present, since for pure oxy-fuel combustion this
species is absent. Accordingly, the largest deviations found when applying the MC combination
occurs for the air-blown combustion scenario. The high amount of N2 in S3 leads to the interpretation that the absence of this species would also significantly interfere with the performance
of the MC combination. However, this does not occur. As seen in Fig. 3 deviations lower than
0.4% are noticed.
The good agreement of the MC combination to the reference cases for both oxy-fuel combustion
scenarios (S2 and S3), or the deviations found between MC combination and reference cases
for air-blown combustion, can be explained by the relative importance of N2 in such scenarios.
This information can be appraised by means of the normalized species mass fraction plots
on the right side of Figs. 1–3. By comparing the Ȳ values of the first two most predominant
major species in both cases where N2 is present, i.e. N2 and CO2 , the relative importance
of N2 is much higher for air-blown than for the S3 in the entire range of φ. This influences
the computation of properties necessary to the modeling of the evaporation process, which is
consequently reflected in the values of sl,s presented in Figs. 1 and 3. As follows, the inclusion
of N2 in MC combination (see MC + N2 results in Figs. 1–3) demonstrated to be unnecessary
in oxy-fuel combustion scenarios, while the opposite occurs for air-blown cases.
A specific aspect related to the normalized mass fractions plot refers to the correspondence of
major species rank for oxy-fuel combustion scenarios (S2 and S3) and the evolution of such
mass fractions throughout the equivalence ratio range. Except by N2 the four most predominant
major species in both scenarios are the same. But not only this, the trends of Ȳ of such species
are quite similar in Figs. 2 and 3. Regarding the air-blown combustion scenario, a deviation
occurs comparing it with both oxy-fuel combustion ones. Herein, the ranking position of O2 and
CO are inverted. Although such an inversion is reflected in Ȳ profiles, their trends throughout
the equivalence ratio range are preserved.
As a summary for the evaluation of carrier gas simplifications, the results presented in Figs.
1–3 indicate that the MC combination is sufficient for oxy-fuel combustion scenarios. Such an
outcome is reinforced considering the fact that despite being utilized (e.g. [3, 7, 21])), high
amounts of N2 in the oxidizer composition are not desired in oxy-fuel combustion dedicated to
CCS technologies. However, for air-blown combustion, N2 should be accounted for in species
combinations dedicated to the carrier gas modeling.
With respect to the overall behavior of results presented in Figs. 1–3, it is noticed that flames
propagating in water droplet mists depict the bell shape curve typically observed in freely propagating gas flames. Such a behavior contrasts with the results achieved in [15] for flames
propagating in fuel droplet mists and occurs here in all tested scenarios. Regarding the air
blown combustion, the maximum value of the flame speed is clearly found within the rich part
of the mixture composition range when water dilution occurs. As previously seen in [10], this
behavior is intensified when water dilution increases. Such a behavior can be explained by
the fact that the diluent agent is found in the oxidizer stream and lean mixtures have therefore
higher values of liquid water. As a result, the latent heat consumed to promote the evaporation
process is higher in lean than in rich flames, which consequently lowers the flame speed values. In this sense, the depletion of N2 in the oxidizer stream attenuates this shifting, which is
observed by comparing Figs. 1–3.

ICLASS 2021, 15th Triennial International Conference on Liquid Atomization and Spray Systems, Edinburgh, UK, 29 Aug. - 2 Sept. 2021

Conclusions
A novel modeling simplification approach applied to represent the surrounding gas composition
of water droplets in air-blown and oxy-fuel combustion atmospheres is proposed and validated.
Along with this study, an analysis of other simplifications approaches is also presented. The
entire study is conducted within the context of one-dimensional numerical simulations of flames
propagating in droplet mists considering a detailed description of the chemistry.
Simulations results clearly indicate that the simplification of the carrier gas composition by a
combination of common major species to air-blown and oxy-fuel combustion is not the best
option for all scenarios. As nitrogen is absent in such a combination, flame speed values in airblown scenario are underestimated. In this sense, the proposed MC combination is an accurate
choice for general oxy-fuel combustion applications while for air-blown combustion N2 must be
added to this species combination. For the investigated scenarios and mists characteristics,
the simplification of the carrier gas composition by air delivered flame speed values with a
reasonable agreement to the reference cases in all scenarios. However, to obtain a general
performance of such a simplification to oxy-fuel combustion further analysis is needed.
The performance of the simplifications presented in this manuscript were evaluated in terms
of flame speed values. Detailed analysis and assessment of minimal species combinations
as done for flames propagating in fuel droplets in [14] are subject of future work. Additionally,
this study can be extended including variations in droplet mist characteristics and in oxidizer
composition of flames propagating in fuel droplet mists to allow a general assessment of simplifications in air-blown and oxy-fuel combustion.
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