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Abstract5

Results of time-dependent, spherically symmetrical computations of the vaporization and

combustion of ethanol and ethanol/water droplets are reported. Mixture-average transport

was employed, along with a systematically reduced chemical-kinetic mechanism involving 15

overall steps among 17 chemical species, to speed the computations by a factor of about 100

over what would be required if full detailed chemistry had been used. Absorption of water

from the gas surrounding the droplet and its diffusive transport within the liquid phase were

taken into account, providing excellent agreement with previous experimental and computa-

tional results for the combustion of ethanol droplets in air. On the other hand, the assump-

tion of rapid liquid-phase mixing produced very poor agreement when water condensation

on the droplet surface or hydrous ethanol are considered. To characterize autoignition, we

define the critical autoignition temperature T c∞ as the critical ambient temperature below

which autoignition is not observed. Computations for autoignition of cold ethanol/water

droplets in air showed that T c∞ decreases with increasing initial droplet diameters. In the

range of parameters under consideration, ignition was found to take place always before com-

plete vaporization of the droplet, and the ignition time was found to become longer with the

increasing initial water content of the liquid ethanol droplet. On the contrary, addition of

water vapor to the initial air atmosphere was found to shorten the ignition time, increasing

ethanol vaporization rate as a consequence of the extra heat release associated with water

absorption into the liquid.

Keywords: ethanol droplet combustion, humidity, reduced chemistry, auto-ignition6

1. Introduction7

Liquid fuels are convenient in combustion-based transport and industry applications because8

of their availability, high energy density and easy storage in atmospheric conditions [1]. To9

release their chemical energy in combustion applications they must first be vaporized in10

an endothermic phase change that takes place after injecting the fuel, typically as a spray,11
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directly in the combustion chamber. The relevance of the problem has motivated an inten-12

sive research in both liquid fuel vaporization and combustion for sprays [2–5] and individual13

droplets [6–9]. To ameliorate air quality in big cities, CO2 and diesel-specific engine pollu-14

tants emissions are in the spotlight, especially particulates and nitrogen oxide NOx. The15

most popular strategy to reduce NOx makes use of aftertreatment technologies such as the16

selective catalytic reduction [10] and the injection of ammonia or urea [11] in the exhaust17

gases to reduce NOx into harmless nitrogen. On the other hand, the strategy to reduce18

greenhouse gas emissions is based on a sharp increase of the engine efficiency and in the19

substitution of oil and diesel by other fuels with better carbon footprint, such as ethanol,20

that can be added in significant amounts to existing fuels. Additionally, the utilization of21

ethanol/gasoline blends in spark ignition engines increases the octane index allowing larger22

compression ratios that lead to better efficiencies [12]. The use of mixtures of ethanol/diesel23

and ethanol/biodiesel is seen as a good strategy to reduce soot, promote the vaporization of24

biodiesel droplets [13] and increase the flexibility in the control of NOx emissions [14].25

The transient behaviour of the autoignition of alkane droplets has been extensively studied26

due to its technological interest. Both experimental [15–20] and numerical studies [21–23]27

of n-heptane, n-dodecane and n-hexadecane have revealed a catalog of exotic ignition be-28

haviours, that includes single-stage ignition, two-stage ignition and cool flames.29

Unlike the hydrophobic alkanes, in the vaporization and combustion of alcohols, water va-30

por freely condensates on the surface of the droplet and subsequently dissolves into the31

droplet interior [24], forming a multicomponent droplet whose vaporization differs from the32

characteristic d2-law. The difficulties to control the ambient conditions [25] explains the33

lack of experimental and numerical studies on the evaporation and autoignition of ethanol34

droplets. The experimental [13, 24, 26–30] and numerical [31, 32] studies found in the litera-35

ture focused, mainly, in the quasi-steady regime, when the flame temperature remains almost36

constant and the droplet radius recedes following the d2-law. In this case, the experimental37

setup is simpler and the time available for observation is maximized by forcing ignition early38

in the droplet lifetime. Also, from a numerical point of view, the stiffness of the problem39

is reduced. Only the numerical study by Kazakov et al. [31] takes into account the water40

accumulation in the liquid phase but they used, as initial condition, a gas phase temperature41

distribution that simulates the presence of a spark [33]. Unlike them, this work includes the42

gravityless description of the unsteady evaporation and autoignition stages of an individual43

droplet of radius a(t) that precedes the quasi-steady regime in a hot air environment at a44

temperature T∞ and a pressure p∞, giving an accurate description of the sudden increase45

of temperature that characterizes this period and taking into account the water content of46

liquid ethanol and water condensation either from the ambience or generated at the flame.47
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To model autoignition, we use a reduced combustion mechanism [34], formed by 15 reactions48

and 17 species [35], available at [36], to compute a complex unsteady combustion problem49

that involves autoignition, rich and lean flames and, finally, a quasi-steady diffusion flame50

located far from the liquid droplet surface.51

2. Formulation52

We will consider here the case of a single droplet with initial diameter of d0 = 2a0 in an

infinite stagnant ambient without gravity or forced flow as shown in the sketch in Fig. B.1.

In these conditions, the flow has spherical symmetry provided that the initial conditions

satisfy this property. The transient, spherically symmetric problem of droplet evaporation

and combustion in microgravity conditions is mathematically described by the mass, species

and energy conservation equations,

∂ρβ
∂t

+
1

r2
∂

∂r
(r2ρβuβ) = 0, (1)

∂(ρβYβ,i)

∂t
+

1

r2
∂

∂r
(r2ρβYβ,iuβ) = − 1

r2
∂

∂r
(r2Jβ,i) + ωβ,i, i = 2, ..., Nβ, (2)

∂(ρβhβ)

∂t
+

1

r2
∂

∂r
(r2ρβhβuβ) = − 1

r2
∂

∂r
(r2qβ) +Qβ, (3)

with ρβ, uβ and hβ the density, the velocity and thermal enthalpy of the mixture, respectively.53

The sub-index i represents the ith species in both the liquid phase β = ` inside the droplet54

and the gas phase β = g. Yβ,i is the mass fraction and Qβ = −
∑Nβ

i=1 h
ref
β,iωβ,i the heat55

released, with hrefβ,i the enthalpy at the reference temperature T ref = 298.15 K and ωg,i56

the mass production or consumption rate calculated using the 15-steps reduced combustion57

mechanism derived by Millán-Merino et al [37] as a correction to the 14-steps combustion58

mechanism given in [34]. Heat production in the liquid phase is neglected and ωl,i = 0.59

The species mass flux term for the gas phase in equation (2) is calculated with the mixture60

averaged model [38] with conservative flux correction [39]61

Jg,i = −ρgYg,i
(
V 0
d,i + V c

d

)
, (4)

where V 0
d,i = −(Dg,i/Xg,i)(∂Xg,i/∂r), V

c
d = −

∑Ng

i=1 Yg,iV
0
d,i,62

Xβ,i is the mole fraction and Dg,i = (1 − Yg,i)/(
∑Ng

j 6=iXg,j/Dg,ji) is the mixture diffusion63

coefficient, with Dg,ij the binary diffusion coefficient, for the pair of species i and j, obtained64

from the kinetic theory. For the liquid phase, the mass flux term is calculated using the65

Fick’s law,66

J`,i = −ρ`D`,i
∂Y`,i
∂r

(5)
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and the mixture diffusion coefficient is determined by the Wilke-Chang equation [40]67

D`,i = 1.173× 10−16

√∑N`
j 6=iX`,jϕjWjT

µ`V0.6
`,i

(6)

where Wi is the species mole mass, µ` the mixture viscosity, V`,i the molar volume. The68

association factor takes the values ϕi = 2.6 for water and ϕi = 1.5 for ethanol. In equation69

(3), the thermal heat flux term qβ is obtained from the generalized Fourier’s law,70

qβ = −kβ
∂T

∂r
+

Nβ∑
i=1

Jβ,ihβ,i, (7)

where kβ is the thermal conductivity of the β phase and Nβ denotes the number of species71

on each phase. Soluble species exist in both phases (i = 1, ..., N`) but non-soluble species72

only exists in the gas phase (i = N` + 1, ..., Ng). Only the solubility of liquid ethanol and73

water has been considered. The most abundant species in each phase, (i = I), is obtained as74

Yβ,I = 1−
∑Nβ

i6=I Yβ,i. Equations (1)-(7) are supplemented with the Equations of State (EoS)75

of the gas written in the quasi-isobaric approximation p∞/ρg = TRg. The density of the76

mixture in the liquid phase is computed as in [41] using the expression ρ` =
(∑N`

i=1X`,iρ
1/2
`,i

)2
,77

in which the individual densities of liquid species are obtained by fitting the experimental78

data published by [42, 43] using the expression introduced by [44],79

log ρ`,i = Aρ,i log(T ) +
Bρ,i

T
+
Cρ,i
T 2

+Dρ,i + Eρ,iT + Fρ,iT
2 (8)

2.1. Constitutive relations80

Both the liquid and gas phases are considered ideal mixtures with heat capacity and enthalpy81

calculated as cpβ =
∑Nβ Yβ,icpβ,i and hβ =

∑Nβ Yβ,ihβ,i, in terms of the heat capacity cpβ,i82

and thermal enthalpy hβ,i of the species i in the phase β.83

The thermodynamic properties cpβ,i and hβ,i of pure species are obtained using the NASA84

polynomials, where the coefficients are obtained whenever possible, from the San Diego85

mechanism database [45]. Those species not available in the San Diego database were taken86

from Burcat’s database [46].87

The gas phase molecular transport coefficients Dg,ij and kg,i are obtained using the expression88

derived directly from the kinetic theory [47] using the transport database of the San Diego89

mechanism [45], while kg is obtained using standard mixture average formula [48],90

kg =
1

2

(
Ng∑
i=1

Xg,ikg,i +
1∑Ng

i=1Xg,i/kg,i

)
. (9)
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For the liquid phase, the mixture thermal conductivity k` was obtained from a generalization91

of Filippov’s equation [49],92

k` =

N∑̀
i=1

Y`,i

(
k`,i −

N∑̀
j=i+1

Ki,jY`,j |k`,i − k`,j|

)
(10)

where Filippov’s constant is Ki,j = 0.72. The conductivity of the pure species is computed93

using the correlation [44],94

log k`,i = Ak,i log(T ) +
Bk,i

T
+
Ck,i
T 2

+Dk,i + Ek,iT + Fk,iT
2, (11)

in which the coefficients are obtained by fitting with the experimental data published in95

[42, 43]. The viscosity of the liquid mixture is evaluated using the Grunberg and Nissan96

equation [50]97

µ` = exp

(
N∑̀
i=1

X`,i lnµ`,i

)
(12)

where the viscosity of the pure species is obtained using an expression analogous to Eq. (11)98

for the experimental results of [42, 43].99

2.2. Boundary conditions100

Boundary conditions are required at the center of the droplet and in the far field,

r = 0 :
∂T`
∂r

=
∂Y`,i
∂r

= u` = 0, (13)

r →∞ : Tg − T∞ = Yg,i − Y∞,i = 0, (14)

while the boundary conditions at the liquid-gas interface are obtained by imposing the con-

servation of species mass and energy in a control volume extending from r = a(t) − δ to

r = a(t) + δ in the limit δ → 0, yielding

−ṁ′′(Yg,i − Y`,i)r=a = −(Jg,i − J`,i)r=a, i = 2, ..., N`, (15)

−ṁ′′(Yg,i)r=a = −(Jg,i)r=a, i = N` + 2, ..., Ng, (16)

101

−ṁ′′
Nl∑
i=1

(
Y`,iLi(T )

)
r=a

=

(
kg
∂T

∂r
− k`

∂T

∂r

)
r=a

−
Nl∑
i=1

(
J`,iLi(T )

)
r=a

, (17)

where a(t) is the instantaneous time-dependent radius of the droplet at a generic time t,102

ṁ′′ = −ρ`(u` − ȧ)r=a = −ρg(ug − ȧ)r=a (18)
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is the mass vaporization rate per unit of surface area, Ts is droplet surface temperature103

respectively and ȧ = da/dt. The vaporization heat of each species is calculated as Li(T ) =104

hg,i(T )−h`,i(T ) + Lref
i , with Lref

i representing the vaporization heat at the reference temper-105

ature.106

Additionally, imposing the conservation of the chemical potential at the interface we obtain107

the Clausius equation [51],108

(Yg,i)r=a =

(
Y`,i

W`

Wg

)
r=a

patm
p∞

γi exp

(∫ Ts

Tb,i

Li(T )

Rg,iT 2
dT

)
, i = 1, ..., N`, (19)

where Tb,i is the boiling temperature at atmospheric pressure (patm = 101325Pa), Rg,i is109

the specific gas constant and γi the activity coefficient for the i species, obtained using the110

UNIFAC method [52].111

2.3. Initial conditions112

We will consider here the simplest case of a droplet with uniform composition and temper-113

ature that is placed at t = 0 in an infinitely large homogeneous gaseous ambient. Both114

temperature and fuel mass fraction profiles would then be discontinuous at the interface. In115

order to reduce the rigidity of such initial condition, the problem is integrated in time from116

t = t0, using as initial condition the analytical solution obtained by Sazhin et al. [53] for an117

isolated non-evaporating droplet, to generate a smooth initial temperature profile118

t = t0 : Tg = T∞ +
a0
r

(Td0 − T∞)erfc

(
r − a0

2
√
DT,g,∞ t0

)
, (20)

valid for t0 � a2o/DT,g, with DT,g,∞ = kg,∞/cpg,∞ρg,∞ being the thermal diffusivity of the gas119

at infinity. The numerical parameter t0 is as small as 10−5s to minimize its influence on the120

posterior evolution of the problem, and sufficiently large to reduce the numerical stiffness121

of the problem. To avoid numerical problems, we imposed a smooth initial profile for the122

species mass fraction inspired by eq. (20) and defined as123

t = t0 : Yg,i = Yg,i,∞ +
a0
r

(Yg,i,0 − Yg,i,∞)erfc

(
r − a0

2
√
DT,g,∞ t0

)
(21)

where the initial vaporized species profile at the droplet surface, Yg,i,0, is a small quantity,124

of the order of 10−8, that reduces the rigidity of the step-function initial condition but does125

not affect the solution.126

To complete the set of initial condition, we assume that at t = t0 the droplet, of uniform127

temperature and composition, is suddenly placed unperturbed in the gaseous ambient,128

t = t0 : Y`,i − Y`,i,0 = T` − Td0 = 0; i = 1, ..., N` (22)
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A description of the numerical method and its validation is given in appendices A and B,129

respectively.130

3. Droplet autoignition131

The aim of this section is to compute numerically the autoignition time of an isolated droplet132

in an stagnant atmosphere describing the unsteady evaporation, autoignition and travel-133

ling premixed and diffusion flame stages that take place before achieving the quasi-steady134

combustion regime described in AppendixB. Droplet autoignition is a relatively slow phe-135

nomena that lasts up to 4.8 seconds in a 6 mm diameter droplet at 800 oC. In the case136

of alcohol droplets in general, and ethanol in particular, water, either coming from the137

combustion products or from the ambient, condensates on the surface and dilutes inside138

the droplet. The technical difficulties to properly control ambient humidity conditions in139

a gravityless environment explain the lack of experimental measurements in the literature.140

Moreover, the accurate computational description of alcohol droplets autoignition requires141

of numerical codes capable of dealing with evaporation and combustion of multi-component142

ethanol/water droplets fitted to manage complex chemical reaction schemes accommodat-143

ing sudden changes of temperature and composition in the reaction region. This has only144

recently been accomplished by [21, 23] for n-heptane, n-decane and n-dodecane droplets.145

A spherical droplet burns as it is sketched in Fig. B.1, with a reaction zone located at146

r = rf >> a0 during the quasi-steady burning regime [54]. The heat conducted back from147

the flame to the droplet vaporizes the liquid fuel that reaches the reaction region by diffusion148

in a time of the order of tg ∼ a20/DT,g. After the droplet is introduced in a hot atmosphere149

at t = t0, and before the flame is established, the droplet undergoes an unsteady period150

of pure evaporation in which the heat coming from the hot atmosphere vaporizes the fuel151

that diffuses out from the droplet surface forming a transient mixing diffusion layer of size152

(DT,gt)
1/2. Once the droplet radius a0 and the ambient conditions are established (pressure,153

temperature and humidity), we define the ignition event as the instant of time tig at which the154

maximum gas temperature variation achieves its maximum value dTmax/dt = dTmax/dt|max155

at a distance rig ∼ a0 from the droplet center that will be obtained from the calculations.156

The ignition time is compared throughout this section with the vaporization time, defined157

as the time needed to vaporize a droplet of initial radius a0 with the heat conducted from158

the hot ambient. Its order of magnitude can be estimated from the balance between the159

vaporization flux at the droplet surface and the heat conducted from the gas phase to the160

liquid fuel during the quasi-steady stage defined in Eq. (17), yielding161

tevap ∼
ρ`
ρg

a20Lb

DT,gcpg(Tg − Tb)
(23)
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The liquid density ρl and enthalpy of vaporization Lb are evaluated at the boiling temperature162

Tb. The gas thermal diffusivity DT,g is evaluated at mean gas temperature Tm = (Tg +Tb)/2.163

When combustion is present, and considering that the ignition time tig is much shorter164

than the vaporization time, the gas temperature Tg is defined as the adiabatic tempera-165

ture Tg = Tad. Crespo and Liñán [7] and Liñán and Williams [54] used the mixing time166

tg = a20/DT,g to define the non-dimensional time. Unlike them, we preferred the vaporiza-167

tion time to define τ = t/tevap, a characteristic time that is up to three orders of magnitude168

longer for large ambient temperatures.169

The temperature and mass fraction of ethanol and oxygen at different stages of the autoigni-170

tion process are depicted in Figs. B.2 and B.3. After placing the droplet in a hot and dry171

atmosphere t > t0, the fuel starts vaporizing and mixing with the ambient air, generating a172

region where the equivalence ratio varies from rich conditions, close to the droplet, to lean173

conditions, far from the droplet. Since the concentration of fuel is low in the high temper-174

ature region, the formation of the ignition precursor H2O2 is slower than in homogeneous175

ignition systems [34]. When the H2O2 radical concentration reaches a level sufficiently high,176

near the instant denoted as τ = τI in Figs. B.2 and B.3, its reactivity begins to produce an177

effect in the temperature and major species concentration fields. Shortly before the ignition178

event takes place, a lean premixed flame is generated, in the high temperature region, that179

propagates towards the droplet surface at τ = τII, gradually becoming a rich premixed flame180

as the flame front approaches the droplet surface (τ = τIII). As the remaining oxygen be-181

tween the moving flame front and the droplet surface is consumed, the premixed flame turns182

into an unsteady diffusion flame (τ = τIV) in which the flame moves outwards to approach183

its final quasi-steady propagation stage r = rf (τ) as the droplet radius recedes (τ = τV).184

The evolution with time of the main species profiles from the ignition point to quasi-steady185

solution is shown in detail in the animation included as supplementary material EtOHau-186

toignitiontoQS.avi.187

3.1. Critical autoignition temperature T c∞188

In this section we computed the critical droplet autoignition temperature T c∞, defined as189

the ambient temperature below which τig → ∞. In these conditions, a droplet with initial190

diameter d0 completely evaporates before ignition. Figure B.4a shows the evolution of T c∞191

with the initial diameter for different droplet water contents and ambient humidities. To192

obtain the values of the critical temperature T c∞, we initiated the calculation procedure by193

setting a sufficiently large ambient temperature to ensure autoignition. As the ambient194

temperature is progressively reduced, the autoignition time becomes longer, to approach the195

vaporization time when the whole droplet vaporized without ignition at T∞ = T c∞. The196

variation of the autoignition time along the vertical and horizontal lines included in Figure197

8



B.4a is depicted in Figures B.4b and B.4c. These subfigures clearly show the reverse effect198

of increasing the ambient temperature or initial droplet diameter on the autoignition time199

τig, with the droplet vaporizing completely before autoignition for T∞ < 900 K (Fig B.4b)200

and d0 < 0.1 mm (Fig. B.4c). In the range of parameters considered, we found no ignition201

event occurs after complete vaporization of the droplet.202

An example of this calculation process described above is depicted in Figs. B.5a and B.5c,203

where we plot the droplet diameter history and the maximum gas temperature for differ-204

ent ambient temperatures for an ethanol droplet with initial diameter d0 = 1 mm. The205

temporal evolution of the maximum temperature Tmax is plotted in Fig. B.5a for different206

ambient temperatures. This figure is used to determine the critical autoignition ambient207

temperature T c∞ ' 900 below which autoignition is not observed for a droplet with d0 = 1208

mm. Fig. B.5b elucidates how the autoignition time τig becomes longer as the temperature209

decreases, becoming infinity when the ambient temperature falls below the critical temper-210

ature T∞ = 900 < T c∞. Figure Fig. B.5c illustrates how the autoignition event abruptly211

modifies the slope of the d2-law that characterizes the evolution of the droplet radius with212

time, especially as the ambient temperature approaches its critical value.213

Figure B.6 depicts the maximum gas temperature and normalized droplet surface as functions214

of time for small droplets of initial diameters d0 = 0.02 and d0 = 0.05mm, within the range215

of realistic droplet size in sprays applications. Notice that, for the 50 µm droplet, ignition216

occurs for T∞ = 1310K to extinguish shortly after. On the contrary, the computations217

with sightlier lower ambient temperature T∞ = 1300K did not show any increase of gas-218

phase temperature due to chemical reaction. This condition defines the critical autoignition219

temperature and separated both regimes. Our calculations showed that droplets with initial220

diameter below 20 µm induced a small temperature rise that that cannot be interpreted as221

an ignition event. As anticipated by Liñán [55], a quasi-steady solution cannot be achieved222

for such small droplets because the Damköhler number is below its critical value. Under223

these circumstances, we considered that proper autoignition does not take place for droplets224

with initial diameter d0 < 50 µm and, therefore, they are not be included in the autoignition225

map depicted in Fig. B.4.226

The time history of the ethanol vaporisation rate ṁ`,EtOH is represented in Fig. B.7a for227

a droplet of initial diameter d0 = 1 mm at ambient temperature slightly above the critical228

temperature T∞ = 910 K> T c∞. This figure illustrates how right after autoignition the229

computed vaporization rate sharply increases to rapidly decay once the flame moves away230

from the droplet surface reducing the heat flux to the liquid phase. In spite of the total231

absence of ambient moisture, Fig. B.7c illustrates how part of the water vapor that composes232

the combustion products condenses on the droplet surface right after ignition ṁl,H2O
< 0,233
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mixing with ethanol before vaporizing again with the remaining liquid fuel ṁl,H2O
> 0.234

3.2. The effect of water content and ambient humidity235

Figure B.8 represents the dependency of τig on the initial volumetric droplet water content236

V = VH2O
/Vdroplet and on the ambient humidity237

H =


Xg,H2O,∞

p∞
pv,H2O

T∞ < Tb

Xg,H2O,∞ T∞ > Tb

(24)

here, we define H as the ambient relative humidity, when the ambient temperature T∞ is238

below the boiling temperature Tb, and as the ambient water mole fraction when the ambient239

temperature is above the boiling point Tb.240

As expected, increasing concentrations of liquid water in the droplet V rapidly delays au-241

toignition, with τig increasing nearly a 40% for V = 0.20 respect to the anhydrous ethanol242

V = 0. On the contrary, ambient humidity water mole concentration H slightly accelerates243

autoignition due to the extra heat released during moisture condensation.244

The temporal evolution of the radial profiles of ethanol Y`,EtOH and water Y`,H2O
liquid mass245

fractions are plotted in Fig. B.7 together with their mass vaporisation rates, ṁ`,EtOH and246

ṁ`,H2O
, for temperatures slightly above the critical autoignition temperature T∞ = 910K >247

T c∞ calculated for anhydrous ethanol droplets vaporizing in a dry ambient V = H = 0, as248

corresponds to the point indicated with a dot in Fig. B.4.249

As shown in this figure, ethanol/water droplets completely vaporize without ignition at250

T∞ = 910 K, mainly because the slower ethanol vaporization rate induced by the lower251

temperature reached at the droplet surface. Also, the smaller values of ṁ`,EtOH contributed252

to slow down the convection of ethanol towards higher temperature regions, delaying the253

production of the radicals (H2O2 and HO2) that would lead to autoignition.254

The temporal evolution of Y`,EtOH is plotted in Fig. B.7b at the time instants indicated in255

Fig. B.7a. The simultaneous evaporation of ethanol and water during most of the droplet256

lifetime keeps ethanol concentration gradients very small within the droplet. It is only when257

the droplet radius becomes very small that the diffusion of ethanol towards the droplet surface258

is hindered by the remaining water, inducing the large concentration gradients observed in259

the figure.260

As shown in Fig. B.8, ambient moisture H 6= 0 reduced ethanol droplet autoignition time.261

The extra heat released during the condensation of the atmospheric water vapor increased262

the droplet surface temperature when compared to that of dry air, accelerating ethanol263

vaporisation rates, as depicted in Fig. B.7a for H = 0.1 and 0.2. The distribution of264

condensed water on the droplet, shown in Fig. B.7d at the time instants indicated in B.7c265
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for H = 0.2, illustrates the formation of a boundary layer of liquid water on the droplet266

surface, that slowly diffuses towards the droplet center, mixing with the liquid ethanol. The267

distribution of the liquid water inside the droplet confirms the limitations of the rapid-mixing268

approximation, as shown in AppendixB, to properly predict ethanol vaporization rates and269

autoignition times in the presence of ambient moisture.270

4. Conclusions271

This numerical work analyzes the autoignition of ethanol droplets for a wide range of tem-272

peratures, taking into account both the water content of the liquid phase and the humidity273

of the hot atmosphere in which the droplet is initially located. The numerical description274

makes use of a 15-step, 17 species reduced mechanism [37] capable of accurately describing275

unsteady combustion phenomena of the type found during droplet autoignition.276

The numerical simulation here presented predicted the autoignition time of ethanol droplets277

with different diameters and ambient conditions. In particular, the unsteady simulation278

starts describing the initial unsteady droplet evaporation and the simultaneous condensa-279

tion of water on the droplet surface. After the autoignition event takes place, raising abruptly280

the temperature in a small region located relatively far from the droplet surface, the simu-281

lations detailed the formation of a lean premixed flame that propagates towards the droplet282

surface consuming all the available oxygen. After bouncing back, a travelling diffusion flame283

is formed that evolves slowly to reach a quasi-steady state when the stand-off distance rf284

gradually increases as the droplet radius recedes.285

Using our numerical results, we depicted a map that defines the critical ambient temperature286

T c∞ below which autoignition can not take place for a droplet with initial diameter d0. In287

ambient temperatures below T c∞, the droplet evaporates completely before the concentration288

of the hydroperoxil HO2 and hydrogen peroxide radicals H2O2 are large enough to induce289

ignition. It was found that for small droplets (d0 < 50µm) autoignition is ill-defined and,290

before it is complete, extinction takes place, even for high ambient temperatures.291

In practical applications, liquid ethanol is commonly found with large quantities of dissolved292

water due to its large hygroscopic character [56]. To account for this effect, we analyzed293

water-ethanol droplets to find longer autoignition times and higher critical autoignition tem-294

perature as the water droplet content is increased, mainly due to the lower droplet surface295

temperature achieved for larger values of X`,H2O,0.296

On the contrary, ethanol droplets autoignition becomes faster in humid ambiences as the wa-297

ter, coming either from the combustion products or from the ambient humidity, condensates298

and dissolve in the liquid ethanol forming a boundary layer that thickens with time. The299

extra heat released during the condensation of water accelerates the evaporation of the liq-300

11



uid fuel, achieving autoignition conditions sooner than in dry atmospheres. Our calculations301

have shown that the assumption of rapid liquid-phase mixing is not sufficiently accurate302

when bi-component ethanol/water droplets are considered.303
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AppendixA. Numerical method456

We will give here a brief description of the numerical method used to solve the mathematical457

problem. The set of equations (1)-(3) are discretized using a second-order, finite volume458

discretization for the spatial derivatives and a first-order backward Euler discretization for459

the temporal derivatives. The maximum time step ∆t is limited by the sudden autoigni-460

tion event, that required a very small ∆t < 10−4s to be properly described, canceling the461

advantages regarding the use of larger time steps that an implicit or high-order temporal462

discretization might introduce. A non-uniform grid with typically 120 points is used to463

discretize a fluid domain that spans 300a0, with a maximum clustering of points at the gas-464

liquid interface where the maximum gradients are located. The minimum and maximum465

grid steps are ∆r/a0 = 0.05 and ∆r/a0 = 12, respectively.466

The set of discretized equations (1)-(3) together with the boundary (13)-(17) and initial467

conditions (22) are solved in a spherical domain using a modified Newton-Raphson method468

that minimizes an error function f formed substracting the left and right hand side terms469

of the equations. At a generic time t, the iterative procedure starts k = 0 using the value470

of the variables ψ (liquid and gas phase velocities and densities, temperature, droplet radius471

and species concentrations) at the previous time step ψk=0(t) = ψ(t − ∆t). During the472

iteration, the value of the variables is updated according to ψk+1(t) = ψk(t)− λJ−1fk, with473

λ < 1 being a damping parameter. To speed up the calculations, the Jacobian matrix J is474

recalculated every 20 iterations [57]. The iteration procedure continues until the ∞-norm of475

the error function satisfies
∣∣fk∣∣∞ < 10−8. Typically, around k = 200 iterations per time step476

are needed to achieve convergence.477

To track the position of the gas-liquid interface we implemented a moving mesh method [58]478

that used a two-steps, predictor-corrector strategy. Once the new value of the variables are479

known, we computed the new position of the interface ȧ = ṁ′′/ρ` + (u`)r=a and the location480
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Property Name Symbol Property Value

Molecular Weight W 46.07 g/mol
Boiling Temperature Tb 351.4 K
AdiabaticTemperature Tad 2217 K
Ethanol Density ρ`(Tb) 738.8 kg/m3

Heat of Vaporization Lb(Tb) 850.8 kJ/kg
Thermal Conductivity kairg (Tm) 0.082 W/m K

Table B.1: Physical properties of ethanol

of the grid points that conformed the new mesh using the recession velocity vs = rȧ/a(t).481

The value of the variables φ are recalculated in the new grid and the procedure continues482

until the normalized difference between the interface position calculated in two consecutive483

iterations falls below 10−5 .484

485

AppendixB. Model validation: Quasi-steady droplet combustion486

In the quasi-steady combustion of an isolated droplet, the diffusion rate controls the com-487

bustion process and the net mass fuel flux vaporized from the droplet is consumed in the488

flame region [59]. Even though, in this regime, the time derivatives in eqns. (1)-(17) are489

negligible, the results shown below were obtained using the fully unsteady formulation given490

above.491

To experimentally achieve quasi-steady conditions early in the droplet life time, the ignition492

process is forced, in this validation case, by an external energy source, avoiding the initial493

vaporization and auto-ignition stages to maximize the observation time [24].494

The physical models and numerical code described above in appendix A are validated in495

Fig. B.9 by comparing our numerical results with the experimental measurements by Lee496

and Law [24] for the combustion of an ethanol droplet with initial diameter d0 = 0.226 mm497

in a hot and humid atmosphere formed by the products of a lean CH4-O2-N2 premixed flame.498

The initial conditions (20)-(21) are replaced by the steady solution of the equations (1)-(19),499

achieved for the composition and temperature of this specific atmosphere. Also, in the same500

figure, we compared our computations with the numerical results obtained by Kazakov et al.501

in [31]. As can be seen in Fig. B.9, our results show an excellent agreement in droplet size502

history and only minor differences are observed in the prediction of the water concentration503

in the liquid phase (Fig. B.9b). Kazakov and Drier [31] improved the numerical prediction of504

YH2O in the droplet by empirically adjusting the effective diffusion coefficient of liquid water505

in ethanol.506
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AppendixB.1. The validity of the Well-Mixed-Liquid approximation507

During the combustion of alcohol droplets, water vapor, either from the ambience or gener-

ated at the flame, can condense at the droplet surface and dissolve into the droplet interior

[24]. The heat release associated to the condensation and dilution of the droplet alcohol

concentration, alters the vaporization rate and cannot be neglected. The model described

above takes into account this effect, as has been demonstrated in Fig. B.9. Nevertheless, as a

simpler alternative, several numerical studies described the droplet combustion by applying

the Well-Mixed-Liquid (WML) approximation [33, 60] in which the droplet temperature and

composition can be considered homogeneous. Formally, this limit is valid in the limit in

which the liquid phase homogenization time a20/DT,` is much shorter than the droplet life-

time tevap ∼ (4πa30ρ`/3)/(4πa20ṁ
′′), and the droplet becomes a well-mixed, uniform control

volume for which the liquid phase equations (2) and (3) reduce to

d

dt
(ρ`Y`,iVd) = (ṁ′′(Yg,i)r=a − (Jg,i)r=a)Ad, i = 1, ..., N`; i 6= I (B.1)

d

dt
(ρ`h`Vd) = (ṁ′′(hg)r=a − (qg)r=a)Ad (B.2)

where Vd and Ad are, respectively, the droplet volume and surface area at time t. The results508

using this limit are also included in Fig. B.9 and, as can be easily checked, the results do509

not match with the experimental measurements or with the numerical calculations that take510

into account the diffusion in the liquid phase. According to our results, the Well-Mixed-511

Liquid model overestimates the condensation of water on the droplet surface. Additionally,512

and contrary to methanol droplets [61], the diffusion of water in the liquid phase is small,513

inducing the formation of a boundary layer of condensed water that soon begins vaporizing514

along with the fuel. Contradicting the assumptions behind the well-mixed liquid hypothesis,515

both temperature and concentration are not homogeneous inside the fuel droplet.516
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Figure B.2: Autoignition of ethanol-air droplets of d0 = 1mm and Td0
= 300K at ambient temperature

T∞ = 1200K. Solid line represents the maximum gas temperature as function of non-dimensional time,
symbols represent selected times for the profiles shown in Fig. B.3. Simulations for droplet autoignition at
were conducted using a multipurpose 15-steps reduced mechanism for ethanol combustion developed in [34].
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Figure B.3: Autoignition ethanol droplets in air atmosphere with same conditions as described in Fig. B.2.
Subfigure (a): Temperature profiles as function of normalized distances in different instants. Subfigure
(b): Mass fraction profiles as function of normalized distances. Solid lines represents mass fraction profiles
of ethanol and dashed lines are oxygen mass fraction. Time moments corresponds with figure B.2.
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Figure B.4: Subfigure (a): Critical temperature for autoignition T c
∞ as a function of the initial droplet

diameter d0 for ethanol-air droplets of Td0
= 300K at atmospheric pressure. Solid line represent case without

water (droplet or ambient content) dashed lines represent the effect of water droplet content and dash-doted
lines represent the effect of ambient water mole fraction. The dot and the square included in the Figure
indicate the point d0 = 1 mm and T∞ = (910, 1000) k, respectively, analyzed in detail in Figs. B.7 and
Fig. B.8. Subfigure (b): Droplet autoignition time, τig = tig/tevap, as function of ambient temperature T∞
for d0 = 1mm. Subfigure (c): Droplet autoignition time as function of initial diameter for T∞ = 1200K;
where time scale, tevap, is calculated for d0 = 1mm.
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Figure B.5: Ignition of an isolated droplet of ethanol with initial temperature Td0
= 300K and diameter

d0 = 1mm in hot air at pressure p∞ = 1atm and temperature T∞ (indicated in the figure). Subfigure
(a): Time evolution of the maximum temperature in the gas phase. Subfigure (b): Droplet autoignition
and evaporation times as function of ambient gas temperature. Subfigure (c): Droplet normalized surface
(d2/d20) as function of non-dimensional time τ . The solid black line depicts the d2-law such that d2/d20 = 1−τ
and the dotted black line represents the pure vaporization d2-law as estimated from Eq. (23) for ambient
gas temperature Tg = 900K.
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Figure B.6: Ignition of an isolated droplet of ethanol with initial temperature Td0 = 300K in hot air at
pressure p∞ = 1atm and temperature T∞ (indicated in the figure). Subfigure (a&b): Time evolution
of the maximum temperature in the gas phase for initial diameters d0 = 0.02 and 0.05mm respectively.
Subfigure (c&d): Droplet normalized surface (d2/d20) as function of non-dimensional time τ for d0 = 0.02
and 0.05mm respectively.
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Figure B.7: Effect of the water droplet content Xl,H2O,0 and ambient water mole fraction Xg,H2O,∞ on the
ignition of an isolated droplet of ethanol with initial temperature Td0 = 300K and diameter d0 = 1mm in hot
air at pressure p∞ = 1atm and temperature T∞ = 910K. Subfigure (a): Time evolution of ethanol mass
evaporation rate ṁl,EtOH. Subfigure (b): Radial distribution of liquid ethanol inside a droplet with water
content 20%v/v at the time instants indicated in subfigure (a). Subfigure (c): Time evolution of liquid
water mass evaporation rate ṁl,H2O. Subfigure (d): Radial distribution of liquid water inside a droplet
vaporising in an ambient with 20%v/v relative humidity at the times indicated in subfigure (c).

Figure B.8: Autoignition time for ethanol-air droplets versus initial water content, V, and ambient water
mole fraction, H, for initial droplet diameter d0 = 1mm at ambient temperature T∞ = 1000K and oxygen
at mole concentration 21%.
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Figure B.9: Ethanol droplet combustion in a hot atmosphere formed with the gas products of a premixed
CH4-O2-N2 flame [24]. Subfigure (a): Droplet normalized surface (d/d0)2 as function of non-dimensional
time τ̃ = t/t̃evap, with t̃evap the evaporation time defined in eq. (23). Subfigure (b): Droplet average water
mass fraction against time. Subfigure (c): Maximum gas temperature versus time. Symbols: experimental
results of [24]; black dash-dot line: numerical results of [31]; red solid line: present work, including liquid-
phase diffusion ; grey dashed line: present work with Well-Mixed-Liquid (WML) model
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