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Abstract

A novel approach to accurately represent the carrier gas thermo-chemical properties of
droplets evaporating in combustion environment is proposed and validated in the con-
text of reduced chemistry approaches. Numerical analyses of two of the most employed
droplet evaporation models in computational fluid dynamics applications and their sub-
sequent impact on combustion processes are also performed. The study comprehends
a systematic investigation of both models and different procedures used to address the
relevant thermo-chemical properties for the evaporation modeling. Initially, investi-
gations are addressed in a single droplet framework. Herein, available experimental
data give support to the corresponding discussions. In a second part, both selected
models and the simplification using air as carrier gas mixture are investigated in the
context of flames propagating in droplets mists. A detailed chemistry model is used
to represent the combustion of ethanol in air. A simplification strategy is subsequently
investigated in terms of the relevant thermo-chemical properties for the evaporation
modeling. The resulting strategy is successfully validated in a numerical context for
flames propagating in droplet mists. Results aim to help the choice of methods em-
ployed for droplet evaporation modeling in a more general context. The methodology
adopted in our analyses allows the assessment of each simplification and converges to
an optimal combination of the studied methods.

Keywords: Droplet evaporation, Evaporation modeling, Ethanol, Spray combustion,
Droplet mists

1. Introduction

Droplets evaporating in combustion environment often experience various mixture
compositions at different temperatures during their lifetime [1-5]. Since combustion
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reaction may involve hundreds of chemical species, a detailed description of the mix-
ture in CFD (Computational Fluid Dynamics) simulations is a challenging task. Usu-
ally, detailed chemistry information is not available and simplifications become indis-
pensable to address the carrier gas properties (e.g. [2, 6-10]). Such an issue can be
intensified when sub-grid scale aspects of the properties estimation, and the droplet
evaporation modeling itself, are considered. In fact, droplet evaporation modeling is a
recurrent topic in CFD simulations of spray flames [1, 2, 6, 10—14]. The large dispar-
ity of scales involving heat and mass exchanges on droplets and the others related to
the flow dynamics makes the evaporation a sub grid phenomenon [15]. Therefore, the
computation of these exchange mechanisms is a matter of modeling.

Reviews (e.g. [1, 16, 17]) and recent studies (e.g. [11, 14]) can be found in the lit-
erature covering many topics related to the droplet evaporation modeling. Miller et al.
[16] compare eight evaporation models in a quite objective form for single-droplet
evaporation tests. Sazhin [17] presents a more comprehensive discussion about differ-
ent aspects regarding the subject, while keeping the focus on CFD implementations.
Yet Sirignano [1] covers a great part of the droplet evaporation modeling, starting from
the fundamentals up to complex and specific application issues. Chrigui et al. [11] and
Noh et al. [14] present comparisons among different models in turbulent flows. Chrigui
et al. [11] investigated two of the most used evaporation models in spray combus-
tion simulations in non-reactive acetone sprays, namely the infinite liquid conductivity
model proposed by Abramzon and Sirignano [18] and the non-equilibrium approach
by Miller et al. [16]. In this study, the non-equilibrium model of Miller et al. [16]
showed better agreement with experimental data. Both models have been analyzed to-
gether with the classic rapid-mixing model (see [16]) by Noh et al. [14] in non-reactive
and reactive sprays of n-heptane. No significant difference has been reported between
both Abramzon and Sirignano [18] and Miller et al. [16] models. However, these two
approaches demonstrated to deliver better results than the classic rapid-mixing model.

A common characteristic of most of the previously discussed works is the simpli-
fication of properties calculation. For example, the vapor pressure is often computed
with the Clausius-Clapeyron equation (e.g. [5, 6, 11, 12, 16, 18-20]). A preceding
work of the present one (see [15]) shows that simplifications in calculation of proper-
ties like the vapor pressure may lead to wrong evaporation rates in common situations
found in spray combustion. Therein, both models analyzed by Chrigui et al. [11] and
Noh et al. [14] are investigated for flames propagating in droplets mists, which offer a
more isolated scenario for the assessment of evaporation modeling. Differently, from
the results obtained in [14], the models of Abramzon and Sirignano [18] and Miller
et al. [16] show significant differences between each other. Perhaps, the turbulent flow
existing in [14] homogenizes the modeling differences observed for laminar flows in
[15].

Preliminary analyses also conducted in [15] show that simplifications of the mix-
ture composition to represent the carrier gas are capable to interfere not only with the
evaporation rates, but also with the prediction of flame propagation speeds. Approaches
that account for detailed mixture composition of the carrier gas can also be found in
[4, 10, 12, 21]. Those presented by Franzelli et al. [4], Ma et al. [12], and Both [10] are
developed in the context of tabulated chemistry, while the work of Sierra Sanchez [21]
has no restrictions to chemistry modeling techniques. Regarding the treatment given to



the droplet evaporation modeling, the work of Both [10] can be seen as a continuation
of the study presented in [12]. Motivated by some computational issues originated from
the high memory requirements to store detailed chemistry information' in [12], Both
[10] shows a low memory cost alternative to consider such a detailed chemistry infor-
mation. There, the surrounding gas mixture is expressed in terms of controlling vari-
ables of the applied chemistry database. The efficient usage of computational resources
related to the determination of surrounding gas properties was also the motivation of
[21] to propose a simplification based on fixed Schmidt and Prandtl numbers. Particu-
larly, this technique is employed by Franzelli et al. [4] in combination with a reduced
number of species to compute droplet evaporation in combustion environments.

It is the purpose of this work to propose a feasible approach for an accurate rep-
resentation of the carrier gas thermo-chemical properties of droplets evaporating in
combustion environment. The focus is on general reduced chemistry calculations, that
include for example the Flamelet Generated Manifolds (FGM)? method. Different from
the approaches adopted in [4, 10, 12, 21], the presented one is exclusively based on the
construction of combinations of small number of chemical species that can accurately
recover the properties of the actual carrier mixture. Particularly, this work extends,
deepens, and addresses opened issues of the preliminary studies presented in [15] in a
systematic form. As done in [11, 14, 15], the performance of the infinite liquid con-
ductivity models proposed by Abramzon and Sirignano [18] and Miller et al. [16] are
assessed in different scenarios and for different fuels. However, analysis in combustion
environment are reserved for ethanol combustion, in which the influence of evaporation
models and the proposed approach to address the carrier gas properties are conducted
in one-dimensional flames propagating in droplet mists. Ethanol reaction with air is
represented by the detailed chemistry mechanism proposed by Marinov [23]. It rep-
resents the oxidation of ethanol in air by means of 57 species and 379 intermediate
reactions. The investigation of the two selected evaporation models in combustion en-
vironment aims to evaluate the sensitivity of both to the correct representation of the
carrier mixture. Notice that, it is not the purpose of such an investigation to indicate a
best model for combustion simulations.

The remaining of this manuscript is divided into three parts. Firstly, a summary
of the employed modeling techniques, as well as the proposed strategy to improve
the flame speed calculations caused by the insufficient representation of the mixture
composition are described. In the second part, results are presented and discussed in
four subsections. Initially, single droplet analyses are performed in a non-reacting
atmospheres, in which experimental data is available. In the next subsection, the
two selected evaporation models are compared in the framework of one-dimensional
flames propagating in droplets mists of ethanol including a detailed description of the
chemistry. Afterwards, the proposed methodology is evaluated concerning the thermo-

Both [10] indicates that the use of the detailed composition in FGM tables leads to huge memory require-
ments that limit the size of the applicable reaction mechanisms, limits parallelization and has a substantial
performance penalty.

2Qbserve that, in principle, all information about the chemistry reactions can be stored in a FGM database.
However, this is usually not done. Many times, only a few species are stored to reduce memory load
(e.g. [7, 10, 11, 22]).



chemical properties used to address the evaporation modeling. This methodology is
validated in the sequel with flames propagating in droplet mists. Finally, the third and
last part summarizes the main outcomes and closes this manuscript with some final
remarks and an outlook.

2. Modeling Techniques

An Eulerian-Lagrangian approach is applied to numerically describe flames prop-
agating in droplet mists, whereas single droplet computations are conducted in an iso-
lated scheme. In this last scenario, the carrier gas properties are maintained constant at
(when not explicitly specified in the text) experimentally defined conditions. Yet for the
reactive cases, a full inter-phase two-way coupling is considered. In both cases, com-
putations are performed with the CFD code CHEM 1D [24], which has been extended
with a Lagrangian module in [13].

In order to isolate the diverse aspects of the spray combustion, the simulations
presented in this manuscript mimic unstrained laminar flames propagating in mono-
dispersed and isotropic droplet mists. Similar to Neophytou and Mastorakos [25], the
following simplifications and approximations are assumed: (a) the multi-dimensional
aspects of the droplets dispersion does not modify the flame surface, (b) mists are di-
luted, thereby no droplets interaction are accounted for, (c) no micro-mixing model
is included, so that all the mass evaporated from a drop fills instantaneously the host
control volume®. Furthermore, 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
reduces to a dispersed source of fuel which follows the physical models described in
the two following sections. For more details about the numerical methods and simpli-
fications applied to the dispersed phase the reader is referred to [5].

2.1. Liquid Phase

In the one-dimensional Lagrangian framework, the tracking of a parcel is essen-
tially described by two ordinary differential equations (ODE) (e.g. Sirignano [1])

du 3C
S 2R uy) (1)
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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, x, corresponds to the droplet position, p is the density,
u the velocity, ¢ is time, and d, the droplet diameter. To compute the drag coefficient
Cp the model proposed by Yuen and Chen [26] is adopted.

Heat and mass exchanges are respectively described by
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3When a droplet crosses a cell boundary a splitting factor is used to interpolate the source of vapor
between the two host control volumes.
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with T the temperature, Nu the Nusselt number, f> a correction factor due to evapora-
tion (see Table 1), Pr the Prandtl number, Ly the heat of vaporization, 6, is a ratio of
specific heat (see Table 1), ¢; the specific heat of the liquid, 7, = p,,df, /18u expresses
the particle relaxation time and 7z, = dm,/dt. In Eq. 3, Sh is the Sherwood number,
Sc the gas Schmidt number*, and H), represents the specific driving potential for mass
transfer (see Table 1). Observe that heat transfer by radiation is not considered.

Table 1: Specific variables of the selected models
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Table 2: Used references for gas properties

Property Air N,
Dynamic viscosity - u [27]1  [28]
Thermal conductivity - A [27]  [28]
Specific sensible heat - ¢, [29]  [28]
Binary diffusion coef. of vapor in gas - D;; [28] [28]

The structures of Eqs. 2 and 3 follow those proposed by Miller et al. [16], which
simplify the switch among different modeling approaches. Two of them are selected
for the present investigations. One is the infinite liquid conductivity version of the
non-equilibrium evaporation model of Miller et al. [16], which is denoted hereafter
as M1. The other is the Abramzon-Sirignano model (see [18]), which is identified
by M2 throughout this manuscript. This choice is based on the fact that both have
been broadly applied in different studies about spray combustion (e.g. [11, 14, 15, 20])
due to their ability to represent droplet evaporation though considering infinite liquid
thermal conductivity. According to the structure of Eqs. 2 and 3 both models differ
by the expression for f>, Hys, and 6;. Table 1 specifies each one of these quantities for
both models. It is important to mention that, great part of the notation used in [16] is
also employed here to make a clear connection with that review paper, where different
aspects of both modeling approaches are comprehensively discussed.

4The non-dimensional numbers Pr and Sc are explicitly computed at each time integration of the evap-
oration 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 Eq. 8.
When unity Le is assumed for the evaporation, Sc = Pr.



In Table 1, ¢, the specific heat at constant pressure, Br and By, denote the Spalding
transfer numbers for heat and mass, respectively. Subscripts ¢ and y correspond to
surrounding gas properties and vapor properties, while ., and ,,., to properties evaluated
with the assumption of phase equilibrium and considering effects of non-equilibrium,
respectively.

Considering the strategy proposed in Miller et al. [16], the following methods are
used to obtain the surrounding gas properties. The first consists of the definition of ref-
erence values for the temperature and vapor mass fraction which are used to evaluate
gas and vapor material properties in the surrounding gas zone. Herein, the well known
“1/3 rule ”(see [26]) is applied. Accordingly, both reference values are given by the
linear combination of the surface value (weighted by 2/3) and of the far away (carrier
gas) value (weighted by 1/3). Recent works [6, 12] highlight the importance of the
usage of the 1/3 rule, which is therefore no further analyzed here. Once that both ref-
erence values are defined, two procedures are used to calculate the mixture properties
at the gas film. The semi-empirical Wilke rule is adopted for the computation of u and
A, while the specific heat is computed by

CP,G = YRCp,V + (1 - YR) Cp,oo, (4)
where Yr is the reference vapor mass fraction and ¢ is the specific heat of the car-
rier gas. Observe that according to this procedure, the carrier gas properties must be
recomputed at the reference temperature. Hence, the carrier mixture composition is
preserved while properties are recalculated following the methods presented in [24]. 3
For more details about the mixing averaging applied here, the reader is referred to [16].

It is discussed in the further sections that the carrier gas is usually simplified as air.
In this situation, air properties are obtained from the databases listed in Table 2. It is
important to highlight that, gas density is obtained by the ideal gas law. A property
that receives more attention here is the vapor pressure at the droplet surface. With this
quantity, the mass fraction of vapor on the droplet surface Y, is computed, which is
consequently used to estimate By, as follows

Y- Yo
By=——=>. 5
W=y 5)

In the equation above, Y is straightly obtained from the denoted equilibrium molar
fraction X, (ratio of the vapor and the ambient pressure) in model M2, and it is
connected with the non-dimensional evaporation parameter 8 in model M1 as

2L
Xs,neq = Xs,eq _B(d_l() s (6)
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>Tn applications involving the FGM method, the proposed procedure implies that only the carrier mixture
composition is utilized. Therefore, there is no need to store the necessary properties for the evaporation
modeling in a FGM manifold.



in which Ly is the Knudsen layer thickness, My the molar mass of vapor, R the univer-
sal ideal gas constant, P the ambient pressure, and «, the molecular accommodation
coefficient. As suggested by [16], this last coefficient is assumed equal to unity.

The heat transfer Spalding number can be written as function of By, as given by

Cpw SH* 1
¢ Nu*Le’

Br=(1+By)’ -1 with ¢= (8)

Br is an explicit variable in model M2, in which effects of the Stefan flow are con-
sidered in the boundary layer thickness in terms of the modified Nusselt and Sherwood
numbers as follows

Nu-2 1 + By)*7
u F :( T)

Nu* =2+F—T, T By In(1+ By), (9)
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Sh* =2+ . Fy= 2™ 1h(1+ By). (10)
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In summary, both models differ from each other in three main aspects. As indicated
in Table 1, model M2 considers the vapor specific heat in 6, instead of the surround-
ing gas specific heat as in M1. This is a direct outcome of the hypotheses assumed
on the derivation of heat transfer equations from the differential form of the energy
equation (see [1, 17]). Another clear difference between both models is that model M2
assumes phase equilibrium at the droplet surface, while model M1 accounts for non-
equilibrium effects (see [16]). Finally, the third main aspect refers to the consideration
of the film thickness on the computation of Nusselt and Sherwood numbers in model
M2 (see [18]), which is not considered in model M 1. Besides these conceptual differ-
ences, some others occur in the solution algorithm of each model. Iterative solution
procedures are implemented in different parts of each model (see [16]). However, such
algorithm differences do not produce significant deviations between calculation results.
Except for these differences, both models are similar. Namely, both are derived from
steady evaporation assumption for spherically symmetric droplets based on the infinite
liquid conductivity approach and constant gas properties at the film (see [16, 17]). For
more detailed information about the differences listed above, the reader is referred to
the review paper of Miller et al. [16].

2.2. Gas Phase

The description of the carrier phase follows a variable-density low Mach number
formulation. According to the strategy presented by Somers [24], the set of equations
used to compute steady freely propagating flat flames in CHEM1D is

om
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Equation 11 ensures the mass conservation of the coupled system, where riz = pu
is the mixture mass flux, x the spatial coordinate, and S f, the source term of vapor.
The conservation of chemical species is described by Eq. 12. Herein, Y; is the mass
fraction of the species i € [1, Ny — 1], N, total number of participating species, A the
thermal conductivity, ¢, the isobaric specific heat, Le; the Lewis number for species i,
; the reaction rate for species 7, and d; the Kronecker delta. To account for differential
diffusion aspects, Le; is obtained by the Mixture Averaged® approach. The subscript k
in Eq. 12 refers to the vapor species. The last equation of this set is associated to the
conservation of energy, which is expressed in terms of the absolute enthalpy 4. The
absolute enthalpy of each transported species is represented by #4;, while the coupling
term between phases is denoted by S ﬁ For details about the coupling source terms, the
reader is referred to [5, 13].

An important aspect is that the carrier phase is described in a steady-state for-
mulation, while the dispersed phase follows an unsteady framework. To couple both
approaches, the methodology proposed in [5] is applied here.

The chemical mechanism proposed by Marinov [23] is employed to address the
combustion reactions in a detailed chemistry context. It represents the oxidation of
ethanol in air by means of 57 species and 379 intermediate reactions.

2.3. Simplification of the actual mixture composition

Droplets interacting with reacting flows may experience various compositions of
the carrier gas, as the concentration of chemical species (apart from vapor and oxidizer)
significantly changes according to the reaction progress. In section 3, it is presented
that the composition of the carrier gas does not only interfere with the evaporation
process itself, but also with the speed of flames propagating in droplet mists. In view
of modeling accuracy, it is of interest to characterize the mixture composition with high
fidelity. Nevertheless, this can be many times prohibitive, since a detailed description
of the chemistry is computationally costly. Because of necessary simplifications in
reduced mechanisms or limited storage in tabulated chemistry methods, this detailed
description is usually not available during the computational time. Commonly, carrier
gas properties are simplified as air properties at the same temperature and pressure
of the mixture (e.g. [2, 6-9]). In order to improve the mixture representation for
evaporating droplets, a procedure is proposed here under the perspective of reduced
chemistry methods.

Two strategies have been evaluated to accurately represent the effects of the mixture
composition on the evaporation process. However, both are delineated by the same
concept: the search for a minimal combination of major species that could represent
the relevant mixture properties to the evaporation process (those listed in Table 2). In
the first strategy, the actual molar fraction of air X, (Xair = XN, +Xo,) and fuel Xy, are

SHirschfelder-Curtiss approximation (see [30])



kept as their actual values, whereas the combined molar fraction of other species equals
0 Xmajor = 1 — (Xuir + Xgue). According to this method, information about molar or
mass fractions of O, and N, must be available during the performance of a simulation.
In the second strategy, just the actual molar fractions of fuel and the fractions needed
in the major species definition are necessary, the air molar fraction is estimated by
Xair = 1 = (Xmajor + Xtuet). Hereafter, the first strategy is denoted as species diluted (SD),
while the second as air diluted (AD). Notice that in the SD framework, the combination
of molar or mass fractions of major species and fuel allows to determine the mass
fraction of air, while in AD scenario explicit data of N, and O, are necessary. In the
reduced chemistry approach such data are always available (at least easily achievable),
whereas in the FGM context it must be ensured that two data columns are reserved for
N, and O in the database.

A common need of both described strategies is however the definition of species
combinations. On one hand, the number of species shall be as small as possible. On
the other hand, the accuracy of the properties representation must be sufficient. Herein,
we arbitrary sought for a combination formed by a maximum of 10 species. To define
a valid combination, we arbitrary set a maximum allowed property (i) deviation

& = 100% x |'7//mix - l//major,i|/';bmix (14)

of 5%. In Eq. 14 the subscript yx refers to properties values computed with the actual
mixture, while pjor to those computed with the major species combination .

The ten major species chosen to compose our different combinations correspond
to those at which droplets are exposed for a longer time interval when reaction starts.
To find these species, the following procedure has been applied: (1) definition of the
exposure time as Atexp(Zover) = [p(Zover)/S1,5(Zover), Where [,(zover) is the penetration
length’ for a droplet in a mist with overall mixture fraction Zoyer", and s;s(Zover) is the
corresponding laminar flame speed; (2) calculation of the averaged mixture composi-
tion Y; . .. throughout the penetration length for a given overall mixture fraction; (3)
sum of the different species averaged mass fractions over a range of overall mixture
fractions weighted by the exposure time, namely Yyx = 3. Yio .. - Alexp(Zover), With
Zover ranging from 0.070 to 0.220 in a constant step of 0.001; and (4) determination of
the ten most higher values of Y, and the species corresponding to them. In the present
work, the solution of flames propagating in droplets mists with: initial droplet diameter
dpo = 75um, injection position of /;,; = —3.0cm, computed with the evaporation model
M2 and the thermo-chemical properties using the actual mixture composition; is used
in such a selection procedure.

Figure 1 illustrates the evolution of the normalized values of Y;_,_° of the ten se-
lected major species, i.e. k = [1,2, ..., 10], throughout the range z,.: € [0.070, 0.220].
The numeric indexes of the selected major species are listed in Table 3. The variation

"Distance from the position where the combustion reactions start to the one where the droplet disappears.
Herein, the position where reactions start is chosen as the cell center in which the temperature gradient is
positive after the droplet injection.

8 Zover is achieved when all the liquid is completely pre-vaporized.

9Normalization is performed using the maximum encountered value of Yy,

Zover *
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Figure 1: Normalized species mass fractions Y . .. for different overall mixture fraction values. Slices A,
B, and C have the respective overall mixture fraction values: 0.070, 0.100, and 0.220.

of m values in a function of z,y; (see Fig. 1) is the reason that the average through-
out the mixture fraction range has been applied for the search procedure. Three bar
plots labeled with the letters A, B, and C are included in Fig. 1 to help the visualization
of maximum values of Y} .. in lean, stoichiometric, and rich overall mixture compo-
sitions, respectively. An example of the Y; . .. variation depending on the composition
can be clearly seen by means of Y3 (CO). Its value gradually increases with the
overall mixture fraction.

Details of the choice of major species combinations, as well as their corresponding
assessment on properties calculation, are presented in section 3.3.

3. Results and Discussion

Results are presented in four parts. In a first one, the relevance of different evap-
oration modeling features is assessed in a single droplet setup. Yet, the influence of
evaporation models and the simplification of the carrier mixture as pure air is evaluated
in a second part. After that, the different simplification strategies of the carrier gas
mixture are assessed using the relevant thermo-chemical properties to the evaporation.

10The chemical species O should not be interpreted as the diatomic oxygen O, which is present in air.
The species O is formed during the evolution of combustion reactions and has been found as one of the ten
major species following the selection procedure presented in this section.
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Table 3: Indexes of selected major species

Index (k) Species name Species formula
1 carbon dioxide CO,

2 water H,O

3 carbon monoxide CcO

4 acetylene CyH»

5 hydrogen H,

6 hydroxide OH

7 methane CHy4

8 ethylene CyHy

9 oxygen atom'? (6]

10 acetaldehyde CH3;HCO

Finally, the impact of these simplifications are analyzed in terms of the speed of flames
propagating in droplet mists.

3.1. Single droplet evaporation analyses

The decay of dﬁ along time is presented in Fig. 2 illustrates the performance of
both selected models for different operating conditions. Herein, the experimental data
obtained by Saharin et al. [31] are used as a benchmark. They correspond to diameter
measurements sampled for suspended droplets in N, quiescent atmospheres with rel-
ative humidity of approximately 4% at four different operating conditions, which are
summarized in Table 4.

Both models can reasonably well describe the variations in initial droplet diameter
and carrier gas temperature. Invariably to all tested conditions, model M2 approaches
slightly better to the experimental data. Considering the last stage of the evaporation
process, a variation of evaporation rates can be clearly identified in all experimental
curves. Recent studies conducted at the University of Sdo Paulo (not presented here)
show that this change originates from the multi-component liquid solution. The used
anhydrous ethanol has a composition of 99.5% of ethanol and 0.5% water. Despite be-
ing an azeotrope, i.e. solution that cannot be separated by distillation (see for instance
[1]), the combination of the liquid water with the relative humidity causes this well de-
fined second slope in dfy curves. Furthermore, studies performed by Saharin [32] shows
that by increasing the amount of water in the fuel the inflexion of d; curves becomes
more evident.

Table 4: Operating conditions for ethanol single droplet evaporation

Case T[K] dpp [um]
1 293 651
2 353 628
3 473 609
4 673 430

11
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Figure 2: Performance of both selected models (M1 and M2) for ethanol droplets at different initial condi-
tions. Black - M1 data, Gray - M2 data.

Simulations presented in Fig. 2 have been conducted with the vapor pressure model
based on the Wagner equation (see [33]). As shown in Fig. 3, this model shows bet-
ter results for a broad range of gas temperatures when compared to selected Antoine
and Clausius-Clapeyron equations. During the development of this study, attention
has been given to the relevance of accurate prediction of the vapor pressure (VP) on
the droplet surface. Specifically, the vapor pressure at the droplet surface is used to
estimate the mass transfer number (B, - see discussion in section 2.1) in various evap-
oration models [1, 16, 17]. The different calculation methods for the vapor pressure
are listed in Table 5. Different procedures are found in the literature to compute this
quantity. Herein, five of them (see Table 5) are chosen and evaluated. The simulations
presented for this analysis have been performed with the model M2.

Table 5: Description of vapor-pressure labels.

Model Label
Clausius-Clapeyron as in [16] VP1
Clausius-Clapeyron based on P, (see [33]) VP2
Wagner equation (see [33]) VP3
Antoine equation (see [33]) VP4
Antoine equation from NIST Web-book VPS5

Figure 3 shows the effect of different vapor pressure models on droplet evaporation
for the two most extreme operating conditions listed in Table 4. Differences between
models are evident in the low temperature scenario, while all of them deliver similar
results for the high temperature case. In both scenarios, Wagner and Antoine equation

12



models behave quite similar since these are based on experimental data fitting. As
mentioned by Poling et al. [33], Clausius-Clapeyron methods are supposed to introduce
considerable errors on vapor pressure calculations for temperatures far from the one
used as reference. Herein, the boiling point temperature of ethanol at 1.0 atm (351.5K)
is used for VP1 and VP2. Considering that the gas temperature is much higher than the
boiling point temperature, it is not surprising that both Clausius-Clapeyron methods
are not far from the other three VP models in high temperature cases. Therefore, care
must be taken when using this method to estimate the mass transfer number B, at low
gas temperatures.
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Figure 3: Effect of different vapor pressure models on the evolution of droplet evaporation for low (left) and
high (right) ambient temperatures.

The assumption that Sc = Pr which implies Le = 1 is investigated here. This
assumption is sometimes adopted to simplify properties calculations (see e.g. [16]).
However, such an assumption modifies the relationship between heat and mass transfer
numbers (B and By,) as well as between Nu and Sh. Hereafter, analyses of ethanol
evaporation are restricted to case 4 of Table 4 since the high gas temperature better
represents the atmospheres found in reacting cases, which is our final object of study.

Figure 4 shows that the Le = 1 assumption does not strongly interfere with the evap-
oration modeling. This assumption slightly increases the evaporation rate for model
M2. Effects are more pronounced for forced convection cases extracted from [16].
Figure 5 shows df, curves for an hexane case at moderate gas temperature and high
convection and decane at high temperature and moderate convection. By assuming
Le = 1 higher evaporation rates are obtained in the simulations of the hexane droplet,
while not so pronounced effects are seen for the decane droplets case. This outcome in-
dicates that influences are more evident for Nu and Sk than for the relationship between
B7 and By;. Regarding the performance of models M1 and M2 in forced convection
scenarios, model M1 slightly better approaches the experimental data in the hexane
case, while both show similar deviation from the experimental data in the decane case.
In this last scenario, the evaporation rate predicted with model M2 agrees better with
the experimental measurements than that obtained with model M1.

The last part of this section is dedicated to the evaluation of the simplification of
the actual mixture by air in a single droplet setup. To perform it, properties listed in
Table 2 are extracted from thermal and transport data provided in Marinov’s mechanism
[23]. Both property computation methods (i.e. from Table 2 and those using Marinov’s
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Figure 4: Influence of Le for ethanol. Black - M1 data, Gray - M2 data.
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Figure 5: Influence of Le simplification in forced convection atmosphere for hexane (left) and decane (right).
Black - M1 data, Gray - M2 data. Operating conditions of both cases are found on the top of each correspond-
ing sub-figure. Experimental results of hexane (left) are from Downingm [34], while those of decane (right)
are from Wong and Lin [35]

mechanism) are validated before advanced simulations. Hence, computations of d,z,
decay assuming a mixture of pure air are also presented in Fig. 6. Results clearly
demonstrate that the usage of properties listed in Table 2 (Fig. 6: M2 air data) and the
ones based on data provided by Marinov’s mechanism (Fig. 6: M2 air code) agree quite
good to each other when assuming pure air as carrier gas. Observe that a case computed
with N, is included as reference (Fig. 6: N, data) and simulations are only conducted
with model M2 to keep the analysis concise. Bearing in mind that a great part of air is
Nj, it is not surprising that no significant changes occur when Ny is substituted by air.
The results presented in Fig. 6 for air demonstrate that the computations based on data
provided by Marinov’s mechanism are correctly performed, which allow the usage of
this method for further investigations with other mixture compositions.

To evaluate the influence of the detailed mixture composition in a single-droplet
setup, N, is substituted by a mixture of burnt products (quite close to the chemical
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Figure 6: Analysis of gas composition. In the labels, “data’refers to properties computed from the references
indicated in Table 2, while “code”to those obtained from the Marinov’s mechanism [23].

equilibrium) obtained from an adiabatic freely propagating gaseous flame at stoichio-
metric conditions. The mixture temperature is the same as for case 4 of Table 4 to make
both cases comparable. Results are included in Fig. 6 and show that the evaporation
rate is increased by approximately 5%. This indicates that assuming actual mixture
properties to compute evaporation in combustion cases may influence the flame char-
acteristics. To analyze this, simulations of freely propagating flames in droplets mists
are addressed in the next part.

3.2. Influence of the evaporation modeling on flames propagating in droplets mists

The flame propagation speed is a simple and useful variable that can indicate the
role played by the evaporation modeling and the simplification of the gas mixture in
combustion processes. Since some turbulent spray combustion models do consider the
laminar flame speed as an input [e.g. the Artificially Thickened Flame (ATF) model [7,
8]], the behavior of different models and simplifications investigated here are expected
to be an important factor at least in turbulent combustion of lean mixtures and those
close to stoichiometry.

Figure 7 shows the behavior of the spray flame speed s;; for mists with different
droplet initial diameters d,, o and overall equivalence ratios ¢qye;. For most flames sim-
ulated here, except when explicitly mentioned in the text, droplets are injected at the
same position [y (i.e. 3.0cm upstream of the reaction zone). In the two overall equiv-
alence ratio scenarios, d,o varies from 25um to 75um. Both models M1 and M2 are
compared together with the two different representations of the mixture, i.e. actual
mixture composition and its simplification by air. This figure exhibits that the choice
of evaporation modeling clearly has impact on the flame behavior. Overall, model M1
delivers faster flames than those computed with model M2. Deviations vary according
to d,, 0 in both scenarios, where their values increase with d,, 9. Specifically, the small-
est values found for € in @over = 2.3 occurs due to the approach of M1 computations
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to the lower flammability limit found by reducing d,o'!, which approximates M1 to
M2 computations. In all computed flames, deviations between models do not cross the

limit of 7%.
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Figure 7: sy in function of d, ¢ for a stoichiometric (¢over
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= 1.0 on the left) and a rich (¢oyer = 2.3 on the
right) droplet mist. Black - M1 data, Gray - M2 data, Red - deviation between models M1 and M2.

A similar maximum deviation value is also observed in Fig. 8 showing dependence
of flame propagation speed on overall equivalence ratio. Nevertheless, the smooth
variation of & throughout d, o in Fig. 7 is not observed by increasing ¢y, While keeping
dpp constant. Here, & clearly peaks for a @over value between 1.0 and 1.5 in both initial
droplet sizes. After this maximum, & reduces for rich mixtures down to the value of 0.0.
Specifically at this point, a strong inflection of the & curve occurs because of the usage
of the absolute value operator in Eq. 14. For richer mixtures, deviations start to grow
again. Another important aspect noticed in these plots is that not only values of s;
differ between models for a given @qyer, but also the resulting flammability limits vary
in terms of ¢oyer. Computations with model M2 show broader flammability limits than
model M1. Such variations on computed flammability limits may explain the grow of

deviation after the point where € = 0.

The influence of the droplets injection distance to the flame is also investigated
here. Figure 9 shows that by reducing /;,; deviations between models turn higher. It
is important to highlight here that as the residence time in the pre-vaporization zone
reduces, droplets reach the reaction zone with larger diameters and are presumably
farther from the equilibrium with the carrier gas. The higher deviation values found for
larger droplets reinforce this explanation. In contrast to the previous plots, deviations

cross the limit of 8% for the case d,, o = 75um.

With respect to the simplification of the detailed mixture composition by air, dif-
ferences do exist in Figs. 7, 8, and 9 but are not so pronounced as deviations observed
between both evaporation models. In all cases, model M2 demonstrates to be more

sensitive to this simplification as M 1.

Plots presented in Fig. 7 show that deviations caused by the simplification of the de-
tailed mixture composition by air approximately double by changing the overall equiv-

" Detailed discussions about flammability limits in droplet mists can be found in Sacomano Filho et al.

[3]
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Figure 8: s in function of @oyer for droplet mists of dp o = 25um (left) and dpp = 75um (right). Black -
M1 data, Gray - M2 data, Red - deviation between models M1 and M2.
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Figure 9: s, in function of /iy; for stoichiometric droplet mists of dpo = 25um (left) and dpp = 75um
(right). Black - M1 data, Gray - M2 data, Red - deviation between models M1 and M2.

alence ratio from stoichiometric to rich for both models. Nevertheless, the trend of
& points out that deviations do not increase with d,,¢ (ranging from 25um to 75um)
by maintaining ¢, constant as mentioned in [15]. Also in this sense, the usage of
& combined with the broader ranges of @ presented in Fig. 8 (when compared
to the previous study) shows that the interpretation of the increased deviations with
dover While keeping d, o constant would not hold. The corresponding values for & are
not monotonic and show a maximum (in the investigated @over range) in the region of
dover € [1.5,2.0] for d, g = 25um and ¢oyer € [4.0,6.0] for d,p = 75um. Such obser-
vations show that some care must be taken when using only & on the interpretation of
models behavior.

Indeed, & can indicate how far a target variable is from a reference solution. Spe-
cific to this section, the target variable is the laminar flame speed and the reference
cases are always based on computations considering the actual mixture composition
on the evaporation modeling. Nevertheless, it must be highlighted that using only &
presents limitations on the interpretation of many deviations encountered in previous
plots. For instance, the reduction of & values as ¢,y increases while keeping d,,
constant indicates deviations only in values of s;,. In fact, the longer exposure of
droplets to the burnt products (that occurs when ¢, increases) intensifies the differ-
ences between cases with different mixture composition approaches. The contrasting
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flammability limits highlight it.

The flammability limits encountered for instance when ¢,y increases while keep-
ing d,( constant can be explained by the concentrated heat removal of the mixture
caused by droplets evaporation, as comprehensively discussed in [5]. According to the
evaporation rate, which is the main influenced aspect in our parametric studies, the heat
removal can be intensified or attenuated. In cases when the actual mixture composition
is employed, the evaporation rate increases (see Fig. 6) which leads to lower values of
@over for the upper flammability limit than those found when the mixture is simplified
as air. Similar behavior is also seen when model M1 is compared with model M2 (see
Figs. 2 and 4 which illustrates the conditions found in the analyzed combustion cases).
In this case, model M1 shows higher evaporation rates throughout the flame, which
consequently result in lower flammability limits than those obtained with model M2.

Regarding the maximum deviations (caused by the actual mixture simplification by
air) seen in Fig. 8, higher values are found for the scenario where d,y = 75um than
for that where d,, o = 25um. This can be explained by the longer exposure of droplets
to the burnt products, where the composition of the actual mixture considerably differs
from pure air. A similar explanation can be used to justify the increase in € in Fig. 9.
As closer droplets are injected to the flame front, longer they flight through the reaction
and burnt products zones.

3.3. Representation of the mixture by major species

The two strategies proposed in section 2.3 to simplify the detailed mixture com-
position in terms of major species, namely the species-diluted SD and air-diluted AD
methods, are evaluated here. For that, the four relevant gas properties to the evaporation
process, that are listed in table 2, are used as natural targets. Altogether, eight combina-
tions of major species obtained with the selection procedure presented in section 2.3 for
each strategy are compared with actual properties values and those computed with pure
air at the same temperature and pressure of the actual mixture. These combinations are
presented in Table 6.

Table 6: Combinations of major species

Label Species combination

Cl CO,

Cc2 H,O

C3 CO; + H,0

C4 CO; + H,0 + CO

C5 CO; + H,0 + CO + Hp

Cco COZ + H20 +CO + H; + C2H2 + OH

Cc7 COz + HQO +CO + Hz + C2H2 + OH + CH4 + C2H4

C8 CO; + H,0 + CO + Hy + CoH, + OH + CHy4 + CoHy + O + CH3HCO

The number of species gradually increases along with the combinations presented
in Table 6. In almost all cases, the combination grows according to the order of the
major species listed in Table 3, i.e. from higher to lower concentrations. The only
exception occurs for the advance from the combination C4 to C5, where H, is added
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instead of C,H,. This choice has been taken due to the higher importance of hydrogen
when compared with acetylene for the properties investigated. It could be observed
that, the addition of H, to C4 leads to a more effective combination of four species
than using C,H, instead.

The comparisons plots presented in Figs. 10, 11, 12, and 13 respectively corre-
sponds to the evolution of the dynamic viscosity y, thermal conductivity A, specific
heat at constant pressure c,, and binary diffusion coefficient of fuel into the mixture
Drp pix. Results are extracted from simulations conducted with a droplet mist formed
by ethanol droplets with d,,o = 75um at 300K introduced in an air stream at 300K in
a distance of 3.0 cm upstream the flame front. The evaporation is computed with the
model M2 (see section 2.1). The overall mixture fraction z,,,, is 0.220 which corre-
sponds to an overall equivalence ratio ¢, of 2.51. This condition is used as reference
since it presents longer penetration times than the leaner mists presented in Fig. 1. Par-
ticularly, the behaviors observed in this section are also seen for leaner mixtures, but
less pronounced due to the shorter droplet exposure periods to the combustion prod-
ucts. Following the premises assumed for the major species selection in section 2.3,
the evaluation is conducted here only through the penetration length.

SD: 0gye=2.51 | dy p=75 [um] AD: 9gye=2.51 | dy g=75 [um]
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Figure 10: Dynamic viscosity y; computations (i refers to each approach) for the gas film throughout the
droplet penetration for a rich mixture (¢over = 2.51). Black - y;, Gray - €;, Red - 5% deviation line.

No significant differences among the eight combinations can be observed for the
gaseous dynamic viscosity in Fig. 10 for both strategies SD and AD. This is specially
not surprising for AD cases, since property values derived from air at the same tem-
perature and pressure of the actual mixture approaches quite well to the reference data
(ei < 4%). The good approximation of SD values to the reference case demonstrates
that combustion products values do not significantly differ from those obtained from
air.

The overall behavior noticed for i considerably differs in thermal conductivity plots
presented in Fig. 11. Thermal conductivities derived from air show deviations close
to 40% of the actual mixture values in Fig. 11. Therefore, the influence of the major
species combination and the dilution strategy are more pronounced for this property.
Considering the SD results at first, the increase of the species number in a combination
allows better estimations of A4 up to C5. Results obtained with the combinations C5-
C8 are quite close to each other and no considerable improvement can be seen by
incrementing the combination C5. Despite showing higher deviations than the SD
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Figure 11: Thermal conductivity A; computations (i refers to each approach) for the gas film throughout the
droplet penetration for a rich mixture (¢over = 2.51). Black - 4;, Gray - €;, Red - 5% deviation line.

computation, AD combination C5 is also a suitable approach in the present assessment
(deviations below 5%). Differently from SD cases, a gradual improvement is observed
by increasing the species number in a combination. Particularly, combinations C2-C4
shows quite similar results.

SD: 0py6=2.51 | dp =75 [um] AD: oye=251 | d0=75 [um]
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Figure 12: Specific sensible heat at constant pressure ¢, computations for the gas film throughout the droplet
penetration for a rich mixture (¢over = 2.51). Black - ¢p, Gray - g;, Red - 5% deviation line.

Strong differences among combinations and dilutions are also noticed for the spe-
cific heat in Fig. 12. Again, property values derived from air are not accurate ap-
proaches of actual mixture values. Deviations reach values above 25%. The contribu-
tion of individual species in ¢, is well pronounced. Values obtained with CO, (C1) and
H,O (C2) are clearly different, whereas their combination (C3) significantly contribute
to the approximation to the actual mixture in SD cases. Considering AD results, H,O
(C2) shows the higher individual contribution among the other chosen species. As for
the thermal conductivity, the combination C5 delivers deviations below 5% for SD cal-
culations, while such a criterion is only obtained for C6 in AD cases. Specifically, the
increase of the number of species in both dilution methods evolves up to C6, where no
significant differences are seen for C7 and C8.

Computations of the binary diffusion coefficient of fuel in the gas mixture are pre-
sented in Fig. 13. Similar as the results obtained for the dynamic viscosity, values
derived from air are not so far from those of the actual mixture. Deviations appear
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Figure 13: Binary diffusion coefficient Df mix computations for the gas film throughout the droplet penetra-
tion for a rich mixture (¢over = 2.51). Black - D mix, Gray - &;, Red - 5% deviation line.

in the pre-vaporization zone, where &, reaches approximately 15%. Initially unex-
pected, such deviations occur due to the computation of Dg ix using the Fuller method
(as presented in [28]). In our computations, this method is used for the mixture simpli-
fication by air. Since it differs from the method used to obtain Dg pix from the chemical
mechanism (see last part of section 3.1), deviations are found in the pre-vaporization
region. Particularly, the determination of properties from the chemical mechanism is
employed in the other computations presented in Fig. 13. This approach has been as-
sumed in order to test the applicability of the Fuller method (as presented in [28]) in
the present context, which is easier to implement in general CFD programs and also
computationally less expensive as the one applied to the other combinations. As ob-
served for the other properties, the increase of species number improves the estimation
of Dg nmix. For SD calculations, C5 is the first combination to present deviations below
5% while C2 attends this condition in AD computations. However, by progressing to
the more detailed combinations, C3 and C4 are back above the pre-defined threshold.
Only from C5, the increase on the number of species stabilizes the deviation below 5%.

In summary, the assessment addressed in this section shows that for some properties
like 1 and Dg mix the simplification of the actual mixture by air at same temperature and
pressure is not so harmful. Nevertheless, specific heat and thermal conductivity values
are strongly influenced by the mixture composition. In all scenarios, the combination
of major species C5 attend the accuracy level required in this study for SD dilution
methods. The same occurs for combination C6 in AD cases. Since the total number of
species to be stored are smaller for C5 combined with SD when compared with C6 and
AD, we employ the former strategy in the further analysis.

3.4. Validation of the simplification strategy on flames propagating in droplets mists

Two of the major species combinations analyzed in the previous section are em-
ployed here to validate the proposed simplification strategy. The first is the combina-
tion C5 of the SD dilution method. The second is the combination C3 of the same
dilution method. Despite showing deviations above 5% for the evaporation properties,
this option is analyzed due to the fact that its components (i.e. CO, and H,O) are
frequently available in combustion chemistry simplifications. A variation of the com-
bination CS5 is also analyzed regarding the simplification of the actual mixture by air
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for u and Dg mix. One of the outcomes of the last section is that both properties are not
so sensitive as ¢, and A to the mixture composition. Particularly, such a simplification
for D nix is also motivated by computational issues, since the consideration of detailed
mixture composition is more difficult to implement in a general CFD code and more
expensive than its simplification as air. The combination assuming this simplification
receives the suffix “-R”(from reduced) in its label, while the others “-F”’(from full).
The validation is also performed in terms of the speed of flames propagating in droplet
mists here.

Figure 14 shows flame propagation speed results obtained for different d,, val-
ues, while keeping ¢oyer constant at 2.3. Only this overall rich mixture composition
is evaluated here, since it demonstrated to be the most challenging scenario from Fig.
7. The three selected combinations effectively improve the representation of the ac-
tual mixture composition. The deviations seen in Fig. 7 of approximately 3.5% for
model M2 reduce at least seven times for C5-F and C5-R (< 0.45%), and three times
for the combination C3-F(= 1.0%). Similarly, deviations of approximately 2% in Fig.
7 for model M1 reduce at least five times for C5-F and C5-R (< 0.35%), while a half
for the combination C3-F (< 0.9%). For both models, the C5 combinations are twice
as effective than combination C3. However, both demonstrate to bring significant im-
provements for evaporation in combustion environment. Specifically, the simplification
of the actual mixture by air for p and Dgpix is an advantageous simplification, since
the computational time'? of C5-R is about 1% faster than that for C5-F and marginal
differences are perceived between both approaches. It is important to highlight that
estimations of the computational time are based on the present simulations. In case
of the simulation of a real application spray flame, where the number of parcels can
be larger than 1 million, the influence of the algorithm efficiency will be much more
pronounced.

model M1 | ¢5y=2.3 model M2 | ¢g=2.3
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Figure 14: s in function of d), o computed with evaporation mode M1 (left) and M2 (right) for a rich overall
equivalence ratio. Black - s; 5, Gray - deviation between simplification strategies and reference solution.

The improvements observed in Fig. 14 are also seen in Fig. 15, where variations

12The computational time has been based on the number of couplings between the Eulerian and the La-
grangian modules, using the same number of iterations. If only the algorithms used to address y and Dg mix
are considered alone, differences in computational time should be more pronounced.
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in @over are investigated while keeping d, o = 75um. Specifically, the observed gains
in accuracy between Figs. 8 and 15 have in general the same proportionality as those
noticed between Figs. 7 and 14. The highest deviation seen in Fig. 8 of approximately
3.5% for model M2 reduces about seven times for C5-F and C5-R (< 0.45%), and
three times for almost the entire range computed with the combination C3-F (x 1.0%).
An exception occurs for mixture compositions richer than the one corresponding to
the maximum value of s;,. Close to the upper flammability limits, the computations
performed with the combination C3-F present higher values of ¢ than those seen in
Fig. 7 concerning the representation of the mixture as air. Yet the maximum deviation
of approximately 2% in Fig. 8 for model M1 reduces at least five times for C5-F and
C5-R (< 0.35%), and a half for the combination C3-F (< 0.9%). It is also important
to highlight that, the ¢, value related to the maximum deviation is shifted when
the simplification strategy of the mixture composition changes for both models. In
Fig. 7 this maximum is found for ¢over € [4.0,6.0], whereas in Fig. 14 it varies for
Pover € [2.0,4.0] in C5 computations and clearly approaches to ¢over = 4.0 when the
combination C3-F is used.

Differences between C5-F and C5-R are more pronounced in Fig. 15, however they
are still fairly low. This outcome reinforces that the simplification of the actual mixture
by air for u and Dg nix is a valid approach.

model M1 | dp,0=75 um model M2 | dp,0=75 um
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Figure 15: s, in function of @qver computed with evaporation mode M1 (left) and M2 (right) for droplet
mists of dj, o = 75um. Black - s;5, Gray - deviation between simplification strategies and reference solution.

The results presented in this section show that the proposed strategy is an accu-
rate technique to simplify the actual mixture composition carrying evaporating droplets
within reacting flows. Despite showing deviations above 5% for the evaporation prop-
erties, the combination C3 is also a profitable simplification for cases where only CO,
and H,O are available. However, when the usage of more species is feasible, more
significant improvements are obtained with the inclusion of CO and H, along with the
combination C5. This conclusion applies to both investigated evaporation models.

4. Summary and Conclusions

Analyses of two droplet evaporation models have been conducted in single droplet
environment and in flames propagating in homogeneous droplet mists. The study sys-
tematically evolves from non-reacting to reacting atmospheres. Different procedures
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used to estimate the vapor pressure on the droplet surface are evaluated in a single
droplet context. Similarly, simplifications applied to the carrier gas phase are assessed
in the sequence. These include simplifications in the diffusion transport of the vapor
(Le = 1), as well as in the detailed composition of the mixture by pure air. For the
former simplification, tests are conducted for different fuels in quiescent and forced
convection environments. The influence of the two selected evaporation models and
the simplification of the detailed composition of the mixture by air are subsequently
analyzed for flames propagating in droplets mists. To reduce the deviations found by
the mixture simplification, a new approach is proposed and successfully validated to
represent this mixture in combustion environment.

Along with the single droplet simulations the model denoted as M2 demonstrates
to be more universal than M1. It shows better performance for different operating
conditions and liquid compositions as well. With respect to the different procedures
used to address the vapor pressure, the Wagner equation (here labeled as VP 3) and
Antoine equations (VP 4 and 5) agree quite well to each other. Considering that the
Wagner equation covers a broad range of operating conditions (see Poling et al. [33]),
this is therefore preferred here. The analysis of the unity Lewis number assumption
just confirm the expected (see for instance [1]). Namely, the non-unity Le must be
considered otherwise wrong evaporation rates are computed. The last part of single
droplet investigations is dedicated to an artificial test about the influence of the detailed
composition of the carrier gas. Different evaporation rates could be identified, which
motivates analyses in combustion processes. From simulations of flames propagating
in droplet mists, it is noticed that deviations between models are quite well pronounced
and both are influenced by the simplification of the actual mixture by air. Particularly,
model M2 is more sensitive than model M1 for this simplification. Deviations are
quantified for different overall mixture compositions, variations in initial droplets sizes,
and injection positions.

In view of the sensitivity of both models to the gas composition, a feasible approach
for an accurate representation of the carrier gas thermo-chemical properties of droplets
evaporating in combustion environment is proposed. Initially, a methodology is de-
fined to determine the major species existing throughout the droplet penetration length.
Afterwards, ten species combinations are investigated using the relevant properties to
the evaporation modeling. The combination of CO,, H,O, CO, and H; using the SD
method (see section 3.4) reduces 7 and 3.5 times the deviations obtained respectively
with models M2 and M1 in computations employing air properties. As a result, devi-
ations are lower than 0.5% from cases computed with detailed mixture composition.
Additional analysis shows that only ¢, and A are relevant properties to be described
with more details, while u and Dg nix are accurately characterized in terms of air. In
cases where CO and H, data are not available, the simple consideration of CO, and
H,O already reduces by a half deviations observed when computations are performed
using air properties with both models.

It is important to highlight that, despite being conceived for reduced chemistry cal-
culations, the proposed approach can be a useful strategy in detailed chemistry applica-
tions. Indeed, detailed information of the mixture composition is available in detailed
chemistry computations, however the carrier mixture can be accurately and effectively
described by the proposed strategy in order to alleviate computational demand. This is
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important when massive computation is involved, for instance on the construction of
spray tabulated chemistry. In fact the computation of a single spray flamelet is not a
computationally expensive task (see e.g. [5]). But when various scenarios must be cov-
ered to construct a valid range of representative states, many combinations of bound-
ary and droplet injection conditions must be considered [9, 36—-38]. Observe that in
this context, simulations based on spray flamelets must have a consistent evaporation
modeling with the procedure employed on the table generation, otherwise computed
and tabulated thermo-chemical states will have weak correspondence.
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