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Spark ignition of ethanol droplet/vapor/air mixture is studied with a Eulerian-Eulerian method and de- 

tailed chemical mechanism. The flame kernel-droplet interaction is quantified with an evaporation com- 

pletion front (ECF). Two categories of spray flames can hence be defined based on the relative location 

between the ECF and flame front, i.e., homogeneous and heterogeneous spray flames. An element-based 

equivalence ratio (ER) at the flame front (flame ER for short) is introduced to measure the gas composi- 

tion in evaporating sprays. For overall fuel-lean mixtures, quasi-stationary spherical flame (QSSF) occurs 

due to lean flame ER and the composition at the QSSF front is homogeneous. For overall fuel-rich two- 

phase mixtures, re-ignition, after the spark-ignited kernel fails, is observed when the droplet diameter 

is 15 μm for fuel sprays with both fuel-lean and fuel-rich background gas. This is due to rich flame ER 

and/or strong evaporative heat loss. Meanwhile, the kernel is born in a heterogeneous mixture and tran- 

sition into homogeneous state is found. For both overall lean and rich two-phase mixtures, fuel droplets 

affect the ignitability and flame trajectories. Moreover, ignition energy affects the flame ER and front dis- 

tance at the early stage of kernel development. Lastly, the minimum ignition energies (MIE) with different 

gas and overall ERs are investigated. Three regimes (A, B and C) are identified from the MIE variations 

with overall ER and the corresponding flame kernel dynamics behind them are summarized. Regime A 

is characterized by the QSSF phenomenon, whilst regime C embodies the ignition failure and re-ignition 

transients when the droplet size is relatively large. Furthermore, regime B only appears with a narrow 

range of overall ER when initial background gas ER is above unity. These regimes are further generalized 

in parameter space of overall ER versus initial background gas ER. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Flame −droplet interaction in spray combustion is a critical 

opic in both fundamental combustion theory and applied combus- 

ion study [1–3] . Due to existence of the dispersed fuel droplets, 

pray flames exhibit peculiar structures and/or dynamic behav- 

ors different from gaseous flames. For instance, Mizutani et al. 

4] and Akamatsu et al. [5] observed a two-layer structure, con- 

isting of a nonluminous flame front and luminous flamelets be- 

ind the flame front. The latter is caused by post-flame droplet 

urning. The two-layer spray flame structure is also observed by 

an et al. [6] when acetone droplets are added to the methane/air 

ixture. According to the direct numerical simulations by Neophy- 

ou et al. [7] , a triple flame is observed, which results from the

igh-concentration fuel vapor from droplet evaporation around the 

park. Moreover, flame wrinkling induced by droplet evaporation 
∗ Corresponding author. 

E-mail address: huangwei.zhang@nus.edu.sg (H. Zhang) . 
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ear the flame front is reported by Ozel et al. [8] . Three distinctive

odes of spray flame propagation are identified by de Oliveira and 

astorakos [9] with schlieren and OH 

∗ chemiluminescence meth- 

ds, including droplet, inter-droplet and gaseous-like modes. Flame 

rinkling and droplet penetration to the post-flame zone occur in 

he first two modes with a small Group combustion number ( < 

0 2 ). Recently, Li and Zhang [10] find quasi-stationary flame kernel 

nd failure/re-ignition transient in spark ignition of ethanol sprays. 

hey also conclude that these two phenomena are related to heat 

nd mass exchange from droplet evaporation. 

Interactions between the flame front and evaporating sprays 

re directly influenced by their spatial distributions. Generally, 

wo scenarios exist [9 , 11–16] : (I) fuel droplets only exist in the 

re-flame zone; (II) fuel droplets exist in both pre- and post- 

ame zones. In scenario I, the droplets are fully vaporized before 

he flame front, whereas in scenario II the droplets cannot com- 

lete the evaporation in the pre-flame zone and hence penetrate 

hrough the flame front. Their occurrence is influenced by droplet 

roperties. For instance, scenario I is observed for relatively fine 

roplets (acetone: 5 μm [6] ; iso -octane: 10 μm [17] ), whereas sce- 
. 

https://doi.org/10.1016/j.combustflame.2023.112622
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Nomenclature 

A d surface area of a single droplet [m 

2 ] 

AF s molecular ratio of air/fuel under stoichiometric con- 

dition for gas mixture 

a i constants related to fuel saturation pressure 

B M 

mass transfer number 

B T heat transfer number 

b i constants related to the latent heat of vaporization 

C d drag coefficient 

C p,d heat capacity at constant pressure for fuel droplet 

[J/kg/K] 

C p, v heat capacity at constant pressure for fuel vapor 

[J/kg/K] 

D ab vapour mass diffusivity in the gas phase [m 

2 /s] 

d droplet diameter [m] 

E total energy of gas phase [J/m 

3 ] 

E ig ignition energy [J] 

F s drag force [N] 

HRR heat release rate [W/m 

3 ] 

H g ( T d ) enthalpy of ethanol vapor at the droplet tempera- 

ture [J/kg] 

h total enthalpy of gas [J/kg] 

h c convective heat transfer coefficient [W/m 

2 /K] 

k g thermal conductivity of gas [W/m/K] 

Le Lewis number of gas phase 

L v ( T d ) latent heat of vaporization at the droplet tempera- 

ture [J/kg] 

M d molecular weight of droplet [kg/mol] 

M ed mean molecular weight of the gas mixture exclud- 

ing the fuel vapor [kg/mol] 

M g molecular weight of gas mixture [kg/mol] 

˙ m evaporation rate of a single droplet [kg/s] 

m d mass of a single droplet [kg] 

N d number density of droplet [m 

−3 ] 

N u Nusselt number 

n total number of species 

Pr Prandtl number 

p g gas pressure [Pa] 

p f partial pressure for fuel vapor in the gas mixture 

[Pa] 

p s fuel vapor pressure at droplet surface [Pa] 

p sat saturation pressure for fuel vapor [Pa] 

q ig ignition energy source term [W/m 

3 ] 

R universal gas constant [J/mol/K] 

R ed droplet Reynolds number 

R c evaporation completion front [m] 

R f flame front [m] 

r radial coordinate [m] 

r ig spark radius [m] 

r w 

computational domain length [cm] 

Sc Sherwood number 

S b flame propagation speed [m/s] 

Sh Schmidt number 

S I ignition source term 

S L liquid phase source term 

S R chemical reaction source term [kg/m 

3 /s] or 

[kg/m 

2 /s 2 ] or [W/m 

3 ] 

S e energy exchange source term [W/m 

3 ] 

S m,i mass exchange source term for i -th species 

[kg/m 

3 /s] 

S v momentum exchange source term [kg/m 

2 /s 2 ] 

T cr critical temperature of fuel [K] 

T d droplet temperature [K] 
e

2 
T r temperature ratio, defined as T d /T cr 

T s vapor temperature at the droplet surface [K] 

T sat saturation temperature [K] 

t temporal coordinate [s] 

U conservative variables 

u d droplet velocity [m/s] 

u g gas velocity [m/s] 

V ′ 
i 

diffusion velocity of i th species [m/s] 

V 1 , V 2 constants related to the fuel vapor mass diffusivity 

X C local element mole fraction of C 

X ds ethanol vapor mole fraction at the droplet surface 

X H local mole fraction of H element 

X O local mole fraction of O element 

Y ds ethanol vapor mass fraction at the droplet surface 

Y d∞ 

ethanol vapor mass fraction in the bulk gas 

Y i mass fraction of i th species in gas mixture 

Greek letters 

�R difference between evaporation completion front 

and flame front [m] 

ρd density of fuel droplet [kg/m 

3 ] 

ρg density of gas mixture [kg/m 

3 ] 

ρs density of fuel vapor at the droplet surface [kg/m 

3 ] 

� viscous dissipation rate of energy [W/m 

3 ] 

φe effective equivalence ratio 

φg equivalence ratio of gas mixture 

φl liquid fuel equivalence ratio 

φov overall equivalence ratio 

τ1 , τ2 viscous stress [Pa] 

τig spark duration time [m] 

τr droplet momentum relaxation time [s] 

μg Dynamic viscosity of gas [Pa ·s] 

ω i chemical reaction rate for i th species [kg/m 

3 /s] 

Subscripts 

d properties related to droplet 

g properties related to gas 

f properties related to flame front 

s properties related to droplet surface 

0 properties related to initial state 

ario II occurs for coarse droplets (acetone: 65 – 75 μm [18] ). 

oreover, both scenarios are found in Jet-A spray flame with var- 

ed droplet sizes (16 – 33 μm) [9 , 19] . They typically result in dif-

erent spray flame behaviors. For instance, flame front cellulariza- 

ion only occurs in scenario II according to Thimothée et al. [20] . 

eanwhile, flame speed oscillation is correlated with the period- 

cal transition between scenario I and II [15] . Most of the forego- 

ng studies target spray flame propagation. Recently, to capture the 

ntrinsic evolutions of two scenarios in a spray ignition process, 

i et al. [14] develop a theoretical model through introducing the 

oncepts of evaporation onset and completion fronts, and hence 

he interactions between the flame front and the above two can 

e quantified. The results show that the igniting kernel transits 

rom scenario II to I and change of the distributions of droplets 

elative to the reaction front leads to different kernel evolutions. 

onetheless, due to the limitations of theoretical analysis, how the 

wo scenarios evolve under various spray conditions is not ana- 

yzed therein, which merits further studies with detailed numerical 

imulation and/or high-resolution experimental measurements. 

There have been a large body of investigations on minimum 

gnition energy (MIE) of spray flames. The experiments by Rao 

nd Lefebvre [21] , Ballal and Lefebvre [22–25] , and Danis et al. 

26] show that the MIE monotonically increases with droplet diam- 

ter when the latter is relatively large, i.e., > 30 μm. For smaller 
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roplets, the MIE increases with decreased diameter [2 , 27] . There- 

ore, there exists an optimal diameter corresponding to the small- 

st MIE, e.g., around 25 μm for overall fuel-lean n -heptane spray 

ames [26] . Moreover, the mixture composition, parameterized by 

as ( φg ) and liquid ( φl ) equivalence ratios, also affects the MIE. 

or instance, for pure sprays ( φg = 0), the MIE monotonically de- 

reases with φl for kerosene [21–23] , isooctane [24 , 25] and n - 

eptane [26] sprays with fixed droplet size. However, other re- 

earchers have reported the existence of an optimal φl in their 

tudies, corresponding to the smallest MIE [28–30] . Furthermore, 

or partially pre-vaporized sprays ( φg � = 0), the gas phase equiv- 

lence ratio, φg , also influences the MIE [31 , 32] . Nonetheless, the 

ntrinsic relations between MIE variation and flame kernel dynam- 

cs in fuel sprays have not been correlated in previous studies. 

Based on the above consideration, we aim to study spark ig- 

ition of ethanol droplet/vapor/air mixtures with detailed chem- 

stry. The influences of gas phase and liquid phase properties will 

e examined, including droplet diameter, gas, and liquid equiva- 

ence ratios. The objectives of this work include: (1) flame kernel 

evelopment in fuel sprays and comparison with gaseous flames; 

2) flame kernel-droplet interactions; and (3) correlation between 

ame kernel development modes and MIE variations. The rest of 

he paper is structured as below. The mathematical model is pre- 

ented in Section 2 , whilst the physical model and numerical im- 

lementations are listed in Section 3 . The results will be discussed 

n Section 4 , followed by the key conclusions in Section 5 . 

. Mathematical model 

Spark ignition of two-phase ethanol droplet/vapor/air mixtures 

s simulated with Eulerian −Eulerian method. An in-house reactive 

ow solver with detailed chemistry and species transport proper- 

ies, A-SURF [33 , 34] , is used. The accuracies of A-SURF in simulat-

ng both gaseous and spray flames have been validated in previous 

tudies [10 , 34 , 35] . The governing equations and models are pre-

ented below. 

.1. Gas phase 

The equations for multi-species reactive flows in one- 

imensional spherical coordinate read 

∂U 

∂t 
+ 

∂F ( U ) 

∂r 
+ 2 

G ( U ) 

r 
= F v ( U ) + S R + S L + S I . (1) 

Here t and r are time and radial coordinates, respectively. The 

ector U is the conservative variables, whilst ∂ F (U) /∂ r , 2 G (U) /r ,

nd F v (U) are the convection, geometry, and diffusion terms, re- 

pectively. S R and S I denote chemistry and numerical spark terms, 

espectively. Detailed descriptions for U , F (U ) , G (U ) , F v (U ) and

 R in Eq. (1) can be found in previous studies [33 , 34] . The ef-

ects of fuel droplets on the gas phase are considered through the 

ource/sink terms S L , i.e., 

 L = [ S m, 1 , S m 2 , . . . , S m,i , . . . , S m,n , S v , S e ] 
T 
. (2) 

In Eq. (2) , S L includes the species ( S m,i ), momentum ( S v ) and

nergy ( S e ) transfer terms. They are 

 m,i = 

{
N d ˙ m f or ethanol 
0 f or other species 

, (3) 

 v = −N d m d 

u g − u d 

τr 
, (4) 

 e = −N d h c A d ( T g − T d ) + N d ˙ m H g ( T d ) . (5) 

Here H g ( T d ) is the enthalpy of ethanol vapor at the droplet tem- 

erature, N is the number density of the fuel droplet. ˙ m is the 
d 

3 
vaporation rate of a single droplet, whilst m d is the mass of a sin-

le droplet. u d and T d are the droplet velocity and temperature, re- 

pectively. τr is droplet momentum relaxation time. h c is the con- 

ective heat transfer coefficient. A d is the surface area of a single 

roplet as A d = πd 2 , where d is the droplet diameter. 

.2. Liquid phase 

The Eulerian approach is applied to describe the dispersed 

pray droplets, and equations of droplet size, velocity, temperature, 

nd number density are solved. Note that mono-sectional method 

s employed and therefore all the droplets of the relevant sprays 

re represented by one section. Spherical droplets are considered, 

nd droplet temperature is assumed to be uniform due to their 

mall Biot number [36 , 37] . Moreover, droplet breakup and/or de- 

ormation are not considered due to fine droplets and weak aero- 

ynamic fragmentation effects. 

The evolution of droplet diameter, d, is governed by 

∂d 

∂t 
+ u d 

∂d 

∂r 
= − 2 

˙ m 

πρd d 
2 
, (6) 

here ρd is droplet material density, taking 783.54 kg/m 

3 for 

thanol. The droplet evaporation rate ˙ m is modeled as [38] 

˙ 
 = πdρs D ab Sh ln ( 1 + B M 

) , (7) 

here ρs = p s M d /RT s is the vapor density at the droplet surface. 

p s and T s are the vapor pressure and temperature at the droplet 

urface, respectively. M d is the molecular weight of ethanol vapor. 

 s is estimated through T s = ( 2 T d + T g ) / 3 [38] , in which T g is the 

as temperature. 

The Spalding mass transfer number B M 

is 

 M 

= 

Y ds − Y d∞ 

1 − Y ds 

, (8) 

here Y d∞ 

is the ethanol vapor mass fraction in the bulk gas. Y ds 

s the ethanol vapor mass fraction at the droplet surface, i.e., 

 ds = 

M d X ds 

M d X ds + M ed ( 1 − X ds ) 
. (9) 

Here M ed is the mean molecular weight of the gas mixture ex- 

luding the ethanol vapor. X ds is the ethanol vapor mole fraction at 

he droplet surface 

 ds = 

p sat ( T d ) 

p g 
, (10) 

here p g is the pressure for gas mixture. p sat is the saturated va- 

or pressure and is estimated as a function of droplet temperature 

 d [39] 

p sat ( T d ) = exp 

(
a 1 + 

a 2 
T d 

+ a 3 ln T d + a 4 T 
a 5 

d 

)
. (11) 

The constants a 1 , a 2 , a 3 , a 4 , and a 5 are 59.769, −6595.0,

5.0474, 6.3 × 10 −7 and 2.0, respectively [39] . Similarly, the vapor 

ressure at the droplet surface p s is estimated with the droplet 

urface temperature T s , i.e., 

p s ( T s ) = exp 

(
a 1 + 

a 2 
T s 

+ a 3 ln T s + a 4 T 
a 5 

s 

)
. (12) 

Moreover, in Eq. (8) , the vapor mass diffusivity in the gas mix- 

ure, D ab , is modeled as [40] 

 ab = 3 . 6059 × 10 

−3 ( 1 . 8 × T s ) 
1 . 75 

p g 

×
√ 

1 

M d × 10 

3 
+ 

1 

M g × 10 

3 
/ 

(
V 

1 
3 

1 
+ V 

1 
3 

2 

)2 

. (13) 
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The constants V 1 and V 2 are 141.78 and 20.1 respectively for 

thanol and air mixture [41] . 

The Sherwood number Sh in Eq. (7) is estimated from [38] 

h = 2 . 0 + 

1 

f ( B M 

) 

[
( 1 + Re d Sc ) 

1 / 3 max ( 1 , Re d ) 
0 . 077 − 1 

]
. (14) 

In the above, f (B ) = ln ( 1 + B ) /B · ( 1 + B ) 0 . 7 is used to model 

he change of film thickness due to Stefan flow effects [38] . The 

chmidt number Sc of the gas phase is 

c = 

μg 

ρg D ab 

. (15) 

In Eq. (14) , the droplet Reynolds number Re d is defined as 

e d ≡
ρg d | u g − u d | 

μg 
, (16) 

here μg is the dynamic viscosity of the gas mixture. 

The equation of droplet velocity takes the following form 

∂u d 

∂t 
+ u d 

∂u d 

∂r 
= 

F s 

m d 

. (17) 

Note that only drag force F s is considered in our work and it 

s modelled from F s = m d /τr · ( u g − u d ) , where m d = ρd πd 3 / 6 . τr is

etermined from [42] 

r = 

ρd d 
2 

18 μg 

24 

C d Re d 
. (18) 

The drag coefficient C d is modelled as [42] 

 d = 

{
24 
Re d 

(
1 + 

1 
6 

Re 2 / 3 
d 

)
, i f Re d ≤ 10 0 0 

0 . 424 , i f Re d > 10 0 0 

. (19) 

Evolution of the droplet temperature is governed by 

 d C P,d 

(
∂T d 
∂t 

+ u d 

∂T d 
∂r 

)
= h c A d ( T g − T d ) − ˙ m L v ( T d ) , (20) 

here C P,d is the specific heat capacity of the liquid ethanol. L v ( T d )

s the latent heat of vaporization at the droplet temperature and 

stimated from [43] 

 v ( T d ) = b 1 · ( 1 − T r ) 
[ ( b 2 ·T r + b 3 ) ·T r + b 4 ] ·T r + b 5 , (21) 

here the constants b 1 , b 2 , b 3 , b 4 , and b 5 are 958,345.09 J/kg, -

.4134, 0.75362, 0, and 0 respectively for liquid ethanol [43] . T r is 

efined as T r = T d /T cr , where T cr is the critical temperature and is

16.25 K for ethanol. 

In Eq. (20) , the convective heat transfer coefficient h c is 

 c = 

Nuk g 

d 
, (22) 

here k g is the thermal conductivity of the gas mixture. Nu is the 

usselt number, estimated with Rans and Marshall model [44] 

u = 2 . 0 + 

1 

f ( B T ) 

[
( 1 + Re d P r ) 

1 / 3 max ( 1 , Re d ) 
0 . 077 − 1 

]
, (23) 

here P r is the Prandtl number of the gas phase and assumed 

o be unity in this study. B T = ( 1 + B M 

) ϕ − 1 is the Spalding heat 

ransfer number, in which ϕ = ( C p, v /C P,d ) /Le . Le is the Lewis num-

er of the gas mixture and C p, v is the constant pressure specific 

eat of ethanol vapor. 

The equation of droplet number density N d reads 

∂N d 

∂t 
+ 

∂ ( N d u d ) 

∂r 
+ 2 

N d u d 

r 
= 0 . (24) 
s

4 
. Physical model description and characterization 

Spark ignition in fine ethanol sprays is simulated with a one- 

imensional configuration. The computational domain length is 0 

r ≤ r w 

, in which r w 

is 20.48 cm. Adaptive mesh refinement is 

sed to accurately capture the reactive front and droplet evapora- 

ion front with relatively low cost. A refinement level of 8 is used, 

eading to the finest cell size of 16 μm, which can accurately cap- 

ure the flame front. Moreover, in this work, the initial droplet di- 

meter, d 0 , ranges from 5 to 15 μm. With this diameter range, we 

est various cell sizes and find that the droplet evaporation rate is 

lmost not affected. 

Operator splitting approach is applied to sequentially calculate 

he chemistry and convection/diffusion terms. The time integra- 

ion, diffusive flux, convective flux, and liquid properties ( T d , u d , 

and N d ) are calculated by the second-order Runge-Kutta, second- 

rder central differencing, MUSCL-Hancock, and first-order upwind 

chemes [45] , respectively. A detailed mechanism (57 species and 

83 reactions) [46] is considered for ethanol combustion, which 

as also been used in previous studies for ethanol spray flames 

47–49] . 

The initial gas flow velocity is zero, i.e., u g, 0 = 0 m/s. The do- 

ain is initially filled with a heterogeneous mixture of ethanol 

roplets, vapor, and air. The reaction system is characterized by liq- 

id fuel and gaseous vapor Equivalence Ratios (ER), i.e., φg and φl . 

he overall ER can be calculated from φov = φg + φl . In our sim- 

lations, φg ranges from 0.3 to 2.0, while φov is from 0.8 to 4.0. 

he values of φg / φov and φl are selected to cover overall fuel-lean 

o overall fuel-rich conditions. The initial pressure is p g, 0 = 1 atm. 

he initial gas temperature, T g, 0 , is assumed to be the saturation 

emperature T sat , with which the partial pressure of pre-vaporized 

thanol vapor in a gas mixture with a specific equivalence ra- 

io φg is equal to the corresponding saturation vapor pressure of 

p sat ( T sat ) . This ensures that the evaporation of ethanol droplets be- 

ore the flame front is inhibited, and therefore the vapor release is 

ully caused by the flame −droplet interactions. The partial pressure 

f the ethanol vapor, p 0 , f , before sparking is 

p 0 , f = 

φg 

φg + AF s 
p g, 0 , (25) 

here AF s is the air/fuel molar ratio for a stoichiometric gas mix- 

ure, which is approximately 14.28 for ethanol/air mixture. For φg 

tudied in this paper (0.3–2.0), the fuel partial pressure p 0 , f varies 

rom 0.02 to 0.123 atm, whilst the resultant T sat (hence T g, 0 ) ranges 

rom 277.8 to 310.4 K. Such small temperature differences are ex- 

ected to have negligible effects on kernel development. 

Before ignition, the fuel droplets are static ( u d, 0 = 0 ) and uni-

ormly distributed in the domain. The initial droplet temperature, 

 d, 0 , is the same as the gas temperature. Moreover, the initial num- 

er density of the fuel droplets, N d, 0 , can be estimated from [50] 

 d, 0 = 

φl 

φg + AF s 

p g, 0 M d 

RT g, 0 

/ 
(
πρd d 

3 
0 / 6 

)
. (26) 

For the initial conditions considered in this study, N d, 0 ranges 

rom approximately 8400 to 9320,0 0 0 cm 

−3 . The resultant droplet 

umbers in the finest cell are above 10 0 0. As such, the Eulerian 

escription for the liquid phase is generally valid. Details of the 

stimations can be found in Fig. S1 from Supplemental Material. 

Zero-gradient conditions for species mass fractions, tempera- 

ure, and liquid phase variables (diameter, temperature, and num- 

er density) are enforced at both spherical center ( r = 0) and right 

oundary ( r = r w 

). Zero velocities of the gas and droplets are ap-

lied for two boundaries. To mimic the energy deposition from a 

park, a source term is added for the gas phase energy equation 
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Fig. 1. Schematic of (a) heterogeneous and (b) homogeneous spray flames. Red ar- 

row indicates flame propagates direction. Circles: fuel droplets. 

(

q

w

s

4

i  

e

m

p

a

w

d  

B

t

E

t  

t

d

(  

�  

c

m

d

t

p

s

[

φ

w

W

d

4

4

o

c  

c  

f

t

m

h

3  

s

s

b  

w

0

t

f

s

s

m

p

(  

w

a

o

f

E

f

k

i

a

F

p

1

 

F  

t

t

i

1

t

fl

i

n

t

 

c

t

m

t

d

t  

s

t

e

i

E

s

0  

S

c

t

(

e

C

d

F

i

p

d

s

i  

o

i.e., S I in Eq. (1) ) [51] 

 ig ( r, t ) = 

⎧ ⎨ 

⎩ 

E ig 
π1 . 5 r 3 

ig 
τig 

exp 

[
−
(

r 
r ig 

)2 
]
, i f t < τig 

0 , i f t ≥ τig 

(27) 

here E ig is the ignition energy, whilst r ig and τig are the spark 

ize and duration, respectively. In this study, τig = 400 μs and r ig = 

00 μm are assumed [52 , 53] . 

The interactions between fuel droplets and flame front are crit- 

cal to spray flame dynamics [13 , 14 , 19 , 54] . Therefore, besides the

vaporation fronts proposed in previous theoretical [13 , 14] and nu- 

erical [10] studies, here we further define the evaporation com- 

letion front (ECF, R c ). It is the location where the fuel droplets 

re just fully vaporized (droplet diameter d ≤ 0.1 μm). For an out- 

ardly propagating spherical spray flame, this indicates that the 

roplet diameter d > 0.1 μm when the radial coordinate r > R c .

ehind the ECF, i.e., r ≤ R c , the droplet diameter d ≤ 0.1 μm. Fur- 

her decreasing the diameter threshold would almost not affect the 

CF locations (see Fig. S2 in the Supplemental Material). 

Besides, the flame front (FF), R f , is defined as the location with 

he maximum heat release rate (HRR). If �R < 0, the ECF is behind

he FF. Hence, the mixture at the FF is composed of evaporating 

roplets and gas. This is deemed a heterogeneous (HT) spray flame 

 Fig. 1 a), i.e., Scenario II discussed in Section 1 . If the front distance

R = R c − R f < 0, then the ECF lies at the unburned zone, indi-

ating that the mixture at the FF is gaseous. This is termed a ho- 

ogeneous (HM) spray flame ( Fig. 1 a), corresponding to Scenario I 

iscussed in Section 1 . Note that, for one-dimensional simulations, 

he flame front cellularization, e.g., observed in Ref. [20] , cannot be 

redicted in our studies. 

To quantify the evolving gas composition due to evaporating 

prays in both HM and HT cases, an element-based effective ER 

55] is calculated for the gas phase, i.e., 

e = 

[ 
3 

(
X C 

2 

+ 

X H 

6 

)] 
/ 

[ 
X O − 1 

2 

(
X C 

2 

+ 

X H 

6 

)] 
(28) 

here X denotes the mole fraction of an element (i.e., C, H or O). 

e always quantify the φe at the FF, φe, f , and in our following 

iscussion we simply term it as flame ER. 

. Results and discussion 

.1. Flame kernel development in fuel-lean two-phase mixtures 

This section will investigate the flame kernel development in 

verall fuel-lean ethanol droplet/vapor/air mixtures. The selected 

onditions are φg = 0.5, φl = 0.3, and d 0 = 5 μm, which is called

ase 1. Firstly, Fig. 2 (a)–(d) present the r - t diagrams of fuel mass

raction Y F , heat release rate (HRR), magnitude of energy transfer 

erm S e and mass transfer term S m,F in case 1, respectively. The 

agnitude of S e and S m,F are selected to show the location with 

igh evaporation intensity in r-t space. Noted that E ig of Fig. 2 is 

.3 mJ (MIE of case 1). The trajectories of FF and ECF are also pre-

ented in Fig. 2 (a). 
5 
The kernel development in case 1 can be divided into three 

tages based on the evolutions of FF and ECF, which are identified 

y points A and B in Fig. 2 (a). Stage 1 starts from t = 0 to the point

hen FF and ECF decouple, i.e., approximate point A (0.18 cm, 

.66 ms). In this stage, both chemical reaction and droplet evapora- 

ion are largely driven by energy deposition from the spark. There- 

ore, the HRR, energy and mass transfer terms before A are con- 

iderable, see Fig. 2 (b)–(d). In stage 2 (A → B), a quasi-stationary 

pherical flame (QSSF) is observed. It is seen that the FF displace- 

ent is small in stage 2. This results from deficient fuel vapor sup- 

ly, demonstrated by low Y F value between FF and ECF in stage 2 

 Fig. 2 a). The chemical reaction is hence weakened ( Fig. 2 b). Mean-

hile, the evaporation intensities indicated by the magnitudes S e 
nd S m,F are also reduced. Nonetheless, the ECF continues moving 

utwardly due to the thermal diffusion from the flame kernel to 

uel droplets. This causes a negative gradient of Y F between the 

CF and FF due to droplet evaporation before ECF. Consequently, 

uel vapor diffuses from the ECF to FF. Beyond point B, the QSSF 

ernel is intensified through the continuous fuel vapor supply dur- 

ng the QSSF period. The kernel growth is therefore accelerated, 

nd the period after B corresponds to stage 3. At this stage, the 

F accelerates expansion firstly and couples with the ECF again at 

oint C. 

To further understand the flame kernel development in case 

, the corresponding evolutions of flame propagation speed ( S b ≡
d R f /d t and front distance �R ) are presented in Fig. 3 (a). In

ig. 3 (b) and 3 (c), the flame trajectories and flame ER in case 1 and

wo gaseous ethanol flames with the ER being 0.5 and 0.8 (respec- 

ively corresponding to φg and φov in case 1) are compared. The 

gnition energies of the two gaseous flames equal the MIE of case 

. Compared to Ref. [10] , the partial pre-vaporization condition in 

his study provides the possibility of background gas ignition (gas 

ame with φg ), besides the reactive sprays. Moreover, the gas ER 

s also critical to the spray flame kernel growth. Therefore, it is 

ecessary to investigate the difference between the spray case and 

wo corresponding gaseous flames. 

In Fig. 3 (a), at the beginning of stage 1, the FF and ECF syn-

hronously move outwardly with a small front distance �R . Fur- 

hermore, the flame transits from heterogeneous ( �R < 0) to ho- 

ogeneous ( �R > 0) condition. Initially, the flame ER is close to 

he overall ER of 0.8 (see Fig. 3 c). Then, the flame ER gradually 

ecreases in stage 1 due to the kernel decaying after the spark is 

erminated at t ig . In stage 2, we can see that the flame propagation

peed is smallest ( ≈ 4 cm/s) at point B, which is also the loca- 

ion of maximum �R . This indicates the diffusion length for the 

thanol vapor to be transported from the evaporation zone to FF is 

ncreased and reaches the maximum value at B. Decreased flame 

R between A and B is observed (from 0.6 to 0.47), which is even 

maller than the lower flammability limit (LFL) of ethanol (about 

.5 [56] ), as marked in Fig. 3 (c). Beyond point B, it is seen that

 b gradually increases, while �R decreases. The flame ER also in- 

reases accordingly. 

For the two gaseous flames in Fig. 3 (b), it is seen that their 

rajectories are almost identical to case 1 in the sparking period 

 t < t ig ). Afterwards, the gaseous flame with φg = 0.8 (0.5) accel- 

rates (decelerates), leading to successful (failed) ignition event. 

ompared to the φg = 0.8 gaseous flame, existence of the fuel 

roplets in case 1 corresponds to lower ER in the gas phase, see 

ig. 3 (b). This essentially induces the peculiar QSSF phenomenon 

n case 1. On the contrary, the ignitibility of the leaner background 

remixture (i.e., ER = 0.5) is improved due to the addition of fuel 

roplets compared to the φg = 0.5 gaseous flame, which is demon- 

trated by higher flame ER in case 1 as observed from Fig. 3 (c). 

The ignition energy typically affects the flame kernel trajectory 

n a spark ignition process [35 , 53] . This has not been discussed in

ur previous studies [10] . The flame trajectories of case 1 with dif- 
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Fig. 2. r − t diagrams of (a) fuel vapor mass fraction, (b) heat release rate, (c) magnitude of energy transfer term and (d) mass transfer term with φg = 0.5, φl = 0.3, and 

d 0 = 5 μm. E ig = 3.3 mJ. 

Fig. 3. (a) Change of flame propagation speed and front distance with flame radius in case 1. (b) Flame trajectories and (c) change of flame ER with flame radius in case 1 

and two gaseous flames with ER = 0.5 and 0.8. LFL: lower flammability limit. Points A, B and C are the same as in Fig. 2(a). E ig = 3.3 mJ. 

6 
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Fig. 4. (a) Flame trajectories of case 1 with different ignition energies. Change of (b) front distance and (c) flame ER in case 1 with different ignition energies. The arrow in 

(c) indicates kernel propagation direction. 
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erent ignition energies are presented in Fig. 4 (a). Meanwhile, the 

volutions of the front distance and flame ER in case 1 with dif- 

erent ignition energies are presented in Fig. 4 (b) and 4 (c), respec- 

ively. As seen from Fig. 4 (a), the flame with 1.2 E min propagates 

aster than the MIE condition. The QSSF phenomenon is not as ob- 

ious as in case 1 with increased ignition energy. Nonetheless, for 

he 0.8 E min flame, ignition failure occurs. 

In Fig. 4 (b), one can see that at the very early sparking period,

he droplets are fully dispersed in the post-flame zone in all igni- 

ion events, which is indicated by the dashed line R c = 0. After a

nitely long duration, the ECF starts to deviate from the spherical 

enter (i.e., the droplets near the spark have fully vaporized due to 

heir longer exposure to the local hot gas). Subsequently, the ker- 

el transits from the HT to the HM flames. Furthermore, if E ig < 

 min , i.e., line #1, failed ignition occurs. This leads to the shrink- 

ge of the kernel in Fig. 4(b). Meanwhile, the hot kernel contin- 

ously vaporizes fuel droplets in the pre-flame zone, resulting in 

ncreased �R . As for the successful ignition events (line #3), �R 

ecreases with flame radius after reaching the maximum value be- 

ause the flame is intensified after the QSSF period. Meanwhile, 

he maximum �R decreases with increased E ig . The evolutions of 

he front distance in Fig. 4 (a) for both failed and successful igni- 

ion events show qualitative accordance with previous theoretical 

nalysis on fuel spray ignition [57] . 

In Fig. 4 (c), increased ignition energy leads to a slightly richer 

ame ER at the early stage, i.e., R f < 0.2 cm. At this stage, the

ame ER of each event decreases as the kernels expand. Beyond 

his, the flame ER of line #1 further decreases due to increased 

ront distance (increased diffusion length). As for lines #2 and #3, 

he minimum flame ER (e.g., point B for line #2) increases with 

ncreased ignition energy. This is caused by the intensified evapo- 

ation process for increased ignition energy. This can be confirmed 

y the mass transfer terms from three ignition events (see Fig. S3 

n the Supplemental Material). 

.2. Flame kernel development in fuel-rich two-phase mixtures 

The flame kernel development in overall fuel-rich ( φov > 1.0) 

ixtures will be investigated in this section. Fuel-lean ( φg < 

.0) and fuel-rich background gas ( φg > 1.0) are considered in 

ections 4.2.1 and 4.2.2 , respectively. 

.2.1. Fuel-lean background gas ( φg < 1.0) 

The selected conditions are φg = 0.3, φl = 1.7, and d 0 = 15 

m, which is case 2. Here the ignition energy is its MIE (1.76 mJ). 

igure 5 (a)–(d) show the r − t diagrams of Y F , HRR, magnitude of 

nergy transfer term and mass transfer term, respectively. More- 

ver, the fuel / oxidizer mass fractions and effective ER at some 

ilestones, marked by D - F in Fig. 5 (a), are shown in Fig. 6 . 
1 

7 
Four stages can be identified in the flame kernel development 

rom Fig. 5 (a). Stage I is the spark ignition stage, from t = 0 to

= t ig (point D). In this stage, the spark-ignited flame kernel ex- 

ands outwardly, and the largest flame radius is observed at D. 

ue to the spark effects, the HRR at the kernel is high before 

.2 ms, see point D 1 in Fig. 5 (b). Meanwhile, the heat and mass ex-

hanges between gas and liquid phases are intensified in this stage, 

ee from Fig. 5 (c) and (d). Afterwards, the HRR pronouncedly de- 

reases, due to considerable evaporative heat loss ( Fig. 5 c) and in- 

reased flame ER. This may result from high droplet loading, con- 

rmed by the local high droplet volume fractions, still around 70% 

f the initial value, when the spark-ignited kernel reaches D 1 (see 

he detailed profiles in Fig. S5b in the Supplemental Material). Af- 

er D 1 , the fuel mass fraction Y F in the pre-flame zone ( r > R f )

radually increases to a considerable value ( > 0.08) and forms a 

egion rich in fuel vapor, which is seen in Fig. 5 (a). This is due to

ecreased consumption rate of fuel vapor with weakened chemical 

eactions. The foregoing phenomenon is associated with full dis- 

ersion of evaporating ethanol droplets in the entire burned area 

i.e., R c = 0) until point D 2 ( t = 0.35 ms). At D 2 , the droplets

round the spark are fully vaporized, and an ECF (black line in 

ig. 5 ) appears and moves outwardly but still behind the flame 

ront, indicating an instantaneous HT flame. Due to the weakened 

hemical reactions from point D 1 to D, the maximum Y F increases 

rom 0.03 ( Fig. 6 a) to 0.0825 ( Fig. 6 b). This is consistent with the

 F contours shown in Fig. 5 (a). Moreover, the effective ER in the 

ost-flame zone also increases from D 1 to D. 

After the spark is terminated at D, the kernel shrinks towards E, 

nd this is stage II. In this stage, decaying of the spark-ignited ker- 

el is caused by strong evaporative heat loss. Meanwhile, the flame 

ernel transits from HT to HM state (i.e., the mixture composition 

t the FF changes) after point D 3 ( t = 0.55 ms). Moreover, the ECF 

ecelerates, which is particularly evident as the ECF is not moving 

round r = 0.1 cm in Fig. 5 after D 3 . This is because the droplet

vaporation slows down, due to weakened kernel and reduced heat 

iffusion from the flame with increased front distance. This is fur- 

her demonstrated by the distributions of energy and mass transfer 

erms after D 3 , see in Fig. 5 (c) and 5 (d). Nonetheless, the droplets

ontinue vaporizing from D to E, leading to a continuous accumu- 

ation of the fuel vapor, transported to the decaying kernel (hence 

he latter survives). This is evident from the elevated fuel vapor 

ass fraction Y F from point D ( Fig. 6 b) to E ( Fig. 6 c) near the dy-

ng kernel, e.g., r < 0.08 cm. Meanwhile, the oxidizer also diffuses 

nwardly, when comparing the Y O distributions in Fig. 6 (b) and (c) 

ear the kernel. This also leads to decrease of the effective ER (D 

 E) e.g., r < 0.08 cm, due to dilution of fuel vapor from increased

 O . 

The kernel is initiated again at E, and beyond that, a new re- 

gnited kernel is formed and expands outwardly. This is the re- 
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Fig. 5. r − t diagrams of (a) fuel vapor mass fraction, (b) heat release rate, (c) magnitude of energy transfer term and (d) mass transfer term with φg = 0.3, φl = 1.7, and 

d 0 = 15 μm. E ig = 1.76 mJ. 
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gnition stage (from E to F, stage III). In this stage, the FF propa-

ates at a faster speed than the ECF. Moreover, the chemical re- 

ctions at the re-ignited kernel are strengthened. At point F, the 

ame ER is the smallest compared to the effective ER at other lo- 

ations in Fig. 6 (d). Since F, the ECF and re-ignited kernel couple 

gain with a smaller front distance. This stage corresponds to stage 

V, i.e., flame propagation in fuel sprays. 

To further interpret the effects of fuel sprays on the re-ignition 

ransient, the flame trajectories of case 2 and two gaseous flames 

ER = 0.3 and 2.0, respectively correspond to φg and φov of case 2) 

re compared in Fig. 7 (a). The respective flame ERs are presented 

n Fig. 7 (b). The ignition energies of two gaseous flames are the 

IE of case 2. In Fig. 7 (a), failed and successful ignition events are

espectively observed for gaseous flames with the ER of 0.3 and 

.0. It is not surprising to see ignition failure when the ER is 0.3, 

ecause the flame ERs are well below the LFL. Moreover, addition 

f fuel droplets is beneficial in enriching the lean background gas, 

hich can be found in case 2 in Fig. 7 (b). Compared to gaseous

ame with φg = 2.0, the flame ER of case 2 is even higher around

oint D, which is about 2.5, close to the upper flammability limit 
8 
f ethanol (around 2.9 [56] ). This is because the fuel vapor from 

roplet evaporation considerably affects the flame ER for the HT 

pray flame. The higher flame ER around D leads to lower ignitabil- 

ty compared to the gaseous flame with φg = 2.0. 

.2.2. Fuel-rich background gas ( φg > 1.0) 

The spray flame kernel development in fuel-rich background 

as will be discussed in this section and the case is parameterized 

y φg = 1.1, φl = 0.9, and d 0 = 5 μm (termed as case 3 hereafter)

hen E ig = E min = 0.585 mJ. Figure 8 (a) shows the r-t diagram of

uel vapor mass fraction. Likewise, the flame trajectories and flame 

R of two gaseous flames (ER = 1.1 and 2.0) with the same E ig are

hown in Fig. 8 (b) and 8 (c), respectively. 

It is seen from Fig. 8 (a) that the flame kernel development dif- 

ers from cases 1 and 2 due to the near-stoichiometric gas ER (1.1) 

nd fine droplets (5 μm). Meanwhile, the igniting kernel always 

rows in the HM mixture, although the front distance decreases 

ith time. Compared to the ER = 1.1 gaseous flame, addition of 

uel sprays delays the formation of igniting kernel and leads to 

ower flame propagation speed. This indicates that for the fuel-rich 
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Fig. 6. Spatial distributions of fuel / oxidizer mass fractions and effective equiva- 

lence ratio at (a) D 1 , (b) D, (c) E, and (d) F. Triangle: evaporation completion front. 

Circle: flame front. 
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ackground gas, dispersed droplets near the spark deteriorate the 

gnitibility of the local mixture due to evaporative heat loss and/or 

icher flame ER from droplet evaporation [58 , 59] , as also seen in

ig. 8 (c). Moreover, the MIE of case 3 cannot ignite the gas mix- 

ure with ER = 2.0. 

Likewise, for case 4 ( φg = 1.1, φl = 0.9, and d 0 = 15 μm),

he r − t diagram of fuel vapor mass fraction is shown in Fig. 9 (a)

hen E ig = E min = 1.16 mJ. The comparisons with two gaseous 

ases are given in Fig. 9 (b) and (c) for kernel trajectories and flame

R, respectively. From Fig. 9 (a), the coarse droplets (15 μm) induce 

he re-ignition phenomenon, which is similar to case 2. It is seen 

rom Fig. 9 (b) and 9 (c) that the difference between case 4 and the

aseous flame with ER = 1.1 is identical to that for case 3. Fur- 

hermore, a richer flame ER around the re-ignited point of case 4 

s observed compared to gaseous flame with ER = 2.0. Therefore, 

ase 4 is more difficult to be ignited than the ER = 2.0 gaseous 

ame, consistent with the observations from case 2. 

When comparing case 2 and case 4 together, the flame kernel 

ynamics are found to be correlated to the gas ER. For instance, 

t is seen that re-ignition occurs in both fuel-lean and fuel-rich 

ackground gas. Nonetheless, the extinction dynamics (e.g., the in- 

ard displacement of the FF) in two cases are different, because 
Fig. 7. (a) Flame trajectories and (b) flame ER of case 2 and two gaseous flam

9 
he flame ER is affected by gas ER. This is not reported from our 

revious study, i.e., Ref. [10] , when φg = 0. 

For fuel-rich background gas in this section (cases 2 – 4), it 

hould be noted that the ignition energy also affects the evolu- 

ions of front distance ( �R ) and flame ER, particularly at the early 

tage of the ignition event (see details in Figs. S6–S8 in the supple- 

ental material). For instance, larger ignition energy E ig leads to a 

arger flame radius when the ECF starts to deviate from the spark 

ocation in cases 2 and 4. This is reasonable because the embryonic 

ernel expands faster with a larger E ig . Moreover, the flame ER is 

lso increased due to a stronger flame kernel induced by a larger 

 ig in cases 2 – 4. This is attributed to the intensified evaporation 

rocess from increased spark ignition E ig . Meanwhile, the front dis- 

ance is decreased with increased ignition energy in the kernel pe- 

iod. However, when the spark effects fade, the flame ER and front 

istance are almost not affected by the initial ignition deposition. 

his is similar to the findings from Fig. 4 for spray flame in the 

uel-lean background gas. 

.3. Relations between flame kernel dynamics and minimum ignition 

nergy 

In this section, we will investigate the minimum ignition en- 

rgy of partially pre-vaporized ethanol sprays under different back- 

round gas ERs and droplet diameters. Figure 10 (a)–(f) show the 

hange of the MIE with overall ER. Six gas ERs are considered, i.e., 

g = 0.3, 0.5, 0.7, 1.1, 1.5 and 2.0, respectively. Each plot shows the 

esults with two droplet diameters, i.e., d 0 = 5 and 15 μm. In this

tudy, the MIE is determined from trial-and-error simulations, with 

rrors less than 2%. 

For fuel sprays in fuel-lean background gas, i.e., φg = 0.3, 0.5 

nd 0.7 in Fig. 10 (a)–(c), the MIE firstly decreases with overall ER 

ov . For instance, in Fig. 10 (a), the MIE of the d 0 = 5 μm sprays

ecreases from 5.7 mJ to 0.585 mJ when φov increases from 1.2 to 

.7. Case 1 (marked in Fig. 10 b) with the QSSF, from Section 4.1 ,

s from this range. As mentioned above, insufficient fuel vapor at 

he FF causes the QSSF. Increased φov (hence φl , due to fixed φg ) 

orresponds to a richer mixture at the FF. Therefore, the MIE de- 

reases with increased φov ( φl ) in this range. This is regime A. As 

iscussed previously in case 1, the critical flame ER is lower or 

lose to the LFL in this regime. Furthermore, the droplet diameter 

nd pre-vaporization degree (i.e., φg ) are found to affect the range 

f this regime. In Fig. 10 (a), this regime moves leftward (smaller 

ov ) with increased droplet diameter. This can be justified by the 

act that the front distance between the droplet evaporation zone 

nd FF decreases with droplet diameter due to slower evapora- 

ion. Therefore, the local ER at the flame kernel is greater than the 
es with φg = 0.3 and 2.0. E ig = 1.76 mJ. UFL: upper flammability limit. 
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Fig. 8. (a) r − t diagram of fuel vapor mass fraction with φg = 1.1, φl = 0.9, and d 0 = 5 μm (case 3). (b) Flame trajectories and (c) flame ER in case 3 and two gaseous 

flames with ER = 1.1 and 2.0. E ig = 0.585 mJ. 

Fig. 9. (a) r − t diagram of fuel vapor mass fraction with φg = 1.1, φl = 0.9, and d 0 = 15 μm (case 4). (b) Flame trajectories and (c) flame ER in case 4 and two gaseous 

flames with ER = 1.1 and 2.0. E ig = 1.16 mJ. 
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nity for larger droplets under the same φov or φg . Meanwhile, in- 

reased background gas ER also leads to a leftward shift of regime 

 in the φov range if one compares Figs. 10(b) and 10(c) with 

ig. 10(a). This is particularly pronounced for d 0 = 5 μm: φov for 

egime A in Fig. 10(c) corresponds to 0.7 – 1.0, smaller than that in 

ig. 10 (a). 

Beyond regime A, further increasing φov , e.g., 1.7–3.0 in 

ig. 10 (a) for d 0 = 5 μm, leads to weak dependence of the MIE on

verall ER (around 0.58 mJ). Compared to regime A, the fuel va- 

or at the FF becomes relatively sufficient due to the larger φov ( φl ) 

n this range. Meanwhile, the evaporative heat loss in this range 

s negligible compared to the heat released from the intensified 

hemical reactions. This regime is featured by a plateau value of 

IE for the gaseous ethanol flame when gas ER is from 0.8 to 1.8 

see Fig. S4 in the Supplemental Material), where the overall ER 

lightly affects the MIE. This range of φov corresponds to regime 

. For fixed φg ( d 0 ), this regime lies in a smaller φov range with

ncreased d 0 ( φg ), e.g., when comparing d 0 = 5 and 15 μm in

ig. 10 (a) and d 0 = 5 μm in Fig. 10 (a)–(c). 

When φov ≥ 3.5 and d 0 = 5 μm in Fig. 10 (a), the slope of the

IE −φov curve is larger compared to regime B, which can be called 

s regime C. This results from increased flame ER (above unity, 

ence richer) or evaporative heat loss. Regime C with different 

roplet sizes is essentially induced by different mechanisms, i.e., 

ncreased flame ER for d 0 = 5 μm, whereas increased evaporative 

eat loss for d 0 = 15 μm. Moreover, the dependence of MIE on φov 
s stronger than that of the 5 μm droplets due to greater evapora- 

ive heat loss near the kernel. This is evident from the larger slope 

f regime C for fixed φg , i.e., d 0 = 5 μm and 15 μm in Fig. 10 (a).

ote that case 2 in Section 4.2.1 is from this regime, in which the

ernel dying/re-ignition event is observed. Similarly, distribution of 
10 
he two regimes in φov space is also affected by the droplet diame- 

er and background gas ER, but in a more complicated way. Expla- 

ations will be given through the regime map in Fig. 11 in a wider

arameter range. 

For fuel-rich gas mixtures, e.g., φg = 1.1 and 1.5 in Fig. 10 (d) 

nd (e), the MIE monotonically increases with φov from the gas 

ame point ( φov = φg ). Regime A is not observed due to the rich 

ackground gas. In general, the MIE variations in these regimes 

nd the underpinning mechanisms are similar to those in the fuel- 

ean results. Cases 3 and 4 in Section 4.2.2 can be categorized into 

egimes B and C, respectively (marked in Fig. 10 d). It is seen that 

he re-ignition phenomenon also occurs in regime C (case 4) of 

he fuel-rich background gas. With further increased gas ER above 

nity, i.e., φg = 2.0 in Fig. 10 (f), regime B also disappears or gets

hortened compared to Fig. 10 (d) and 10(e). This is because the 

ackground gas under φg = 2.0 is more difficult to be ignited than 

hat with gas ER < 2.0 (see Fig. S4 from Supplemental Material). 

herefore, only regime C is presented in Fig. 10 (f). 

The relations between the flame kernel dynamics and MIE 

re further summarized in Table 1 . As mentioned in Refs. 

2 , 10 , 27 , 60 , 61] , the MIE dependence on the overall ER are U -

haped, and there exists an optimal equivalence ratio. This is con- 

istent with the results presented in Fig. 10 (a)–(c) for partially pre- 

aporized spray flames with fuel-lean background gas. Specifically, 

egime A(C) from Fig. 10 and Table 1 corresponds to the left (right) 

ranch of the U -shaped MIE curves in Refs. [2 , 10 , 27 , 60 , 61] . Mean-

hile, regime B is equivalent to the range of optimal ER in those 

tudies. However, they do not correlate the unsteady kernel dy- 

amics to these regimes. Moreover, as for MIE shown in Fig. 10 (d)–

f), limited results have been reported from previous studies, due 

o the relatively rich gas phase. 
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Fig. 10. Minimum ignition energy as a function of overall ER with different background gas ERs: (a) φg = 0.3, (b) φg = 0.5, (c) φg = 0.7, (d) φg = 1.1, (e) φg = 1.5, (f) 

φg = 2.0. Hollow symbol: gaseous flame under the corresponding background gas ER, i.e., φov = φg . 

Table 1 

Summary of regimes A −C of the MIE variation. 

Regime MIE variation Key phenomena when the ignition energy is MIE Justification 

A Decrease with φov Quasi-stationary spherical flame Flame ER near LFL 

B Weak dependence on φov Kernel formation and continuous growth Appropriate flame ER, negligible evaporative heat loss 

C Increase with φov Re -ignition with large droplets Flame ER above unity, considerable evaporative heat loss 
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To generalize the regimes of spray flame ignition, Fig. 11 sum- 

arizes three regimes of spray flame ignition in φg - φov space 

ased on the MIE variation and different flame kernel dynamics. 

 lower ignitability limit (dash-dotted lines) is achieved, below 

hich the mixture is not ignitable, i.e., the blue shaded zone, with 

he current spark radius (400 μm) and duration (400 μm) used in 

ur simulations. Note that these spark parameters may affect this 

imit, but it will not be expanded for discussion in this paper. In 

ig. 11 , it is seen that this limit decreases with increased φg . This
11 
s because the flame ER is increased with increased φg when the 

ov is fixed. Moreover, increased droplet diameter from 5 to 15 μm 

eads to a smaller lower ignitability limit due to increased flame 

R under the same gas ER. Further increasing the background gas 

R, i.e., ≥ 0.7 in Fig. 11(a) and (b), this ignitability limit disap- 

ears. This is reasonable because the background gas ER is gener- 

lly above the LFL (around 0.5 for ethanol) in these cases. Instead, 

he lower boundary to achieve ignition success with a proper igni- 

ion energy is replaced by the condition of φg = φov (i.e., gaseous 
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Fig. 11. Regime map of ethanol spray ignition regime in φg − φov space: (a) d 0 = 5 

μm and (b) d 0 = 15 μm. Red dash-dotted line: regime boundary. Black dashed line: 

φg = φov . Black dash-dotted line: ignitability limit of ethanol sprays. 
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ame), below which is the yellow area with φg > φov (physically 

nachievable). 

In Fig. 11 (a) ( d 0 = 5 μm), the overall ER φov of the boundary

etween regime A(B) and B(C) decreases with background gas ER 

g . This is because the flame ER is the controlling parameter in 

he kernel dynamics and MIE variations of spray flame with small 

roplet diameter. Meanwhile, for fixed φov , the flame ER decreases 

ith decreased gas ER. Similarly, when d 0 = 15 μm in Fig. 11 (b),

he φov of the A-B regime boundary also decreases with the gas ER. 

n the contrary, that of the B-C regime boundary increases with 

he gas ER. This is because the key factor (evaporative heat loss) 

s weakened with increased gas ER when φov is fixed. Nonetheless, 

he B-C regime boundary in both Fig. 11 (a) and (b) intersect with 

g = φov before φg = 2.0. This justifies why only regime C is ob- 

erved at relatively large gas ER, e.g., in Fig. 10 (f). 

Compared to Ref. [10] , one can see that the analysis in this sec-

ion furthers the study on effect of background gas ER ( φg ) and 

ts correlation with the MIE and flame kernel dynamics. The de- 

endence of different regimes (A, B, and C) on varied gas ER from 

uel-lean to fuel-rich conditions are revealed based on Figs. 10 and 

1 . A comprehensive understanding of spray flame kernel dynamics 

s hence obtained. Moreover, the above regime categorizations may 

e extended to other fuels because the flame ER variation with gas 

R and liquid properties can be generalized, although the lower 

nd upper flammability limits are fuel-dependent [56] . 

. Conclusion 

This study numerically investigates spark ignition of ethanol 

roplet/vapor/air mixtures with a Eulerian-Eulerian method 

nd detailed chemical mechanism. Different droplet sizes and 
12 
as/overall equivalence ratios are considered. The evaporation 

ompletion front is introduced to study the flame-droplet interac- 

ion. The gas composition at the flame front is quantified by the 

ame equivalence ratio. 

For overall fuel-lean two-phase mixtures, the quasi-stationary 

pherical flame occurs due to low flame ER, which is around the 

ower flammability limit. The QSSF is terminated when the front 

istance is the largest due to the continuous fuel vapor diffusion 

rom the evaporation zone to the flame front. Moreover, for over- 

ll fuel-rich mixtures, re-ignition of the sprays proceeds when the 

roplet diameter is 15 μm for fuel sprays in both lean and rich 

ackground gas. This is caused by the rich gas composition and/or 

onsiderable evaporative heat loss. 

Through the comparisons with gaseous flames with gas/overall 

quivalence ratio, existence of fuel droplets affects flame kernel be- 

avior and ignitability due to the heat and mass transfer between 

wo phases. Moreover, the flame ER increases with ignition energy 

ue to the intensified evaporation process. Meanwhile, the front 

istance between the flame front and evaporation completion front 

ecreases with ignition energy. However, when the flame radius is 

ufficiently large, the ignition energy effects are negligible. 

The minimum ignition energies of ethanol spray flames are in- 

estigated, considering different gas and overall ERs. Three regimes 

A, B and C) are identified based on different dependence of the 

IE on the overall ER. Different igniting kernel dynamics of these 

egimes are summarized. In regime A (C), the MIE decreases (in- 

reases) with increased overall ER for fixed gas ER. As for regime 

, the MIE shows weak dependence on overall ER. Moreover, it is 

ound that regime A is featured by the QSSF phenomenon, whilst 

egime C is correlated to the extinction/re-ignition events with 

arge droplet size. The evolution of the three regimes with varied 

as and overall ERs are compiled in parameter space of overall and 

as ERs. For increased gas ER, the lower ignitibility limit decreases. 

ith increased gas ER from fuel-lean side, regime A disappears 

hen gas ER is close to stoichiometry. Furthermore, regime B only 

ppears with a narrow range of overall ER when gas ER is above 

nity. When the background gas ER is high (i.e., higher than 2.0), 

nly regime C exists. 
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