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Abstract 

Combustion characteristics of an ethanol-in-decane emulsion droplet and a droplet group under puffing 
conditions have been investigated by direct numerical simulation (DNS). Before puffing, a quasi-steady flame 
is formed in the wake of the parent decane droplet. Due to superheating, boiling of ethanol sub-droplets is 
initiated. Following rapid growth of the vapor bubble, ethanol vapor is unsteadily ejected out and interacts 
with the downstream wake flame. The local gas mixture fraction is affected by this ejection. The gas-phase 
temperature and reaction rate also show different characteristics from those of a 1D steady flame. In the dual- 
fuel system, fuel/air mixing in combustion can be characterized by the scalar dissipation rates (SDRs) due to 

mixing of decane/air and ethanol/air and cross mixing of decane/ethanol. The transient interaction between 

the droplet wake flame and the ejected vapor by puffing is evident in the flame S-curves. The interaction 

is further quantified by the budget analysis in the mixture fraction – SDR space. The contribution of the 
cross SDR between decane and ethanol to the rate of change of the SDR of the primary fuel decane is 
initially negative, which is particular to puffing. Later the cross SDR can also become positive. As the mixing 
continues, the magnitude of the SDRs becomes smaller. When puffing occurs in the transverse direction, 
the ejected vapor may sweep a region within a few diameters away from the parent decane droplet. If other 
emulsion droplets are in this region of influence, inter-droplet interactions occur. A multiple-droplet case 
demonstrates this interaction and implies that such an interaction will occur in an emulsion fuel spray and 

should be considered in modeling a multi-component emulsion fuel spray in a combustor. 
© 2016 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Reducing emissions of carbon dioxide (CO 2 )
nd soot from liquid fuel combustion is signif-
cantly important due to increasing environmen-
al concerns. Using biofuels such as bioethanol or
iodiesel is one of the effective ways for reduc-

ng harmful emissions. Adding bioethanol to diesel
s one possible solution for diesel engines [1,2] .
thanol is oxygenated, i.e. an ethanol molecule
ontains an oxygen atom, which contributes to re-
ucing particulate matter (PM). The miscibility
f ethanol in diesel can be improved by adding
iodiesel into the blend, which works as a surfac-
ant agent. The blend forms ethanol-in-diesel emul-
ion, with ethanol dispersed as tiny sub-droplets
n the continuous phase of diesel. Above a certain
hreshold of the ethanol-to-diesel ratio, puffing or
icroexplosion occurs due to the distinctly differ-

nt boiling temperature of the two fuels. Follow-
ng explosive boiling of superheated ethanol sub-
roplets, puffing (partial microexplosion) causes
artial droplet breakup and microexplosion vio-

ent breakup of the entire droplet [3–5] . When
uffing or microexplosion occurs in a fuel spray,
econdary atomization will be induced. Generally,
econdary atomization enhances droplet evapora-
ion and fuel/air mixing. Although with a great
otential, our understanding on secondary atom-

zation induced by puffing and microexplosion is
till far from sufficient. It is therefore significantly
mportant to understand the combustion charac-
eristics of such fuel blends under puffing condi-
ions for better and further utilization of biofu-
ls. This is a complex physical problem on fluid
nd combustion dynamics, which is highly worth
ackling. 

In our previous DNS studies [5–7] , physi-
al mechanisms related to emulsion droplet puff-
ng/microexplosion have been unveiled comprehen-
ively, including vapor bubble growth and droplet
reakup [5] , convective heating of an emulsion
roplet [6] , and convective fuel-vapor/air mixing for
 single emulsion droplet and a droplet group [7] .
rom these results, fuel-vapor/air mixing character-

stics under puffing conditions have been unveiled
or non-reacting emulsion fuel droplets. The objec-
ive of the present study is to investigate combus-
ion dynamics of emulsion droplets, especially fo-
using on (1) interactions between puffing ethanol
apor and droplet combustion using scalar dis-
ipation rates (SDRs) as a primary physical and
odeling parameter and (2) change of droplet

roup combustion characteristics due to puffing.
o simplify the combustion kinetics and the boil-

ng temperature property, decane is used as a sur-
ogate fuel, and decane/ethanol emulsion is con-
idered. Our in-house experimental study has con-
rmed that the droplet combustion characteristics
re similar using decane. Using an enlarged-scale
single emulsion droplet (diameter D ∼2 mm) [7] ,
it has been shown that the local flame luminos-
ity increases transiently when puffing occurs, due
to the modulated local equivalence ratio by the
ejected ethanol vapor. Such a flame/vapor interac-
tion is also expected to occur in a fuel spray. To
directly relate the present results to droplets in a
fuel spray, typical spray-scale droplets of D ∼O
(10 μm) are considered, as in [5–7] . Both a sin-
gle decane/ethanol emulsion droplet and a droplet
group are considered. As pointed out in [8] , the
time of heating for spray-scale droplets in a com-
bustor is generally short, and puffing is more likely
to occur than complete microexplosion. Therefore
puffing effects on combustion characteristics of an
emulsion fuel droplet and a droplet group are in-
vestigated. 

2. Mathematical formulations, numerical methods, 
and case setup 

The governing equations are the conservation
equations of mass, momentum, energy and species
mass fractions [5–7] . The energy equation is trans-
formed into the temperature equation. Compress-
ibility is included to account for explosive boiling
and thermal expansion. Newton’s viscosity law is
used and heat conduction is modeled by Fourier’s
law. Mass diffusion is modeled by Fick’s law with a
unity Lewis number in the gas phase. Temperature-
dependent physical properties to cover the nec-
essary temperature range are retrieved from the
database of NIST (National Institute of Standards
and Technology) [9] . 

The rate of phase change ˙ ω p is formulated at an
evaporating or boiling interface, which is resolved
in the grid system, as [5–7,10] 

h l ̇  ω p = [ λ∇T · n ] , (1)

˙ ω p ( Y i,G − Y i,L ) = 

[
ρD di f ∇ Y i · n 

]
, (2)

where h l is the latent heat of evaporation, λ the
thermal conductivity, D dif the diffusion coefficient
and n the surface-normal unit vector. The sub-
script L denotes the liquid phase and G the gas
phase, respectively. The square brackets denote
the difference of a variable f between the liquid
and gas phases at the interface, i.e. [ f] = f L −f G .
For the evaporation on the surface of the par-
ent decane droplet, the Clapeyron–Clausius rela-
tion is used [5–7,10] . For the boiling of ethanol,
the superheat degree �T = T −T b , where T b is the
boiling temperature, determines the mass boiling
rate in Eq. (1) . Using the above rates of phase
change, jump conditions for mass, momentum and
heat transfer at the resolved interface are given
[5–7,10] . 
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All the liquid/gas and liquid/liquid interfaces
are directly captured with a fully-resolved grid
system (described later). In addition to the above
flow variables, level-set functions F i are solved [5–7]
using 

∂ t F i + (u · ∇ ) F i = −| ∇ F i | s L , (3)

where s L = ˙ ω / ρL is the surface regression speed due
to phase change. The level-set method is combined
with the MARS (Multi-interface Advection and
Reconstruction Solver) method [5–7,11] , a kind of 
VOF (Volume-Of-Fluid) method, to improve the
volume conservation. Curvature is calculated using
the level-set function and surface tension force is
formulated by the CSF (Continuum Surface Force)
method [12] . 

Decane (C 10 H 22 ) is used as a surrogate fuel.
This simplification, however, does not change the
essential flow and combustion physics explored in
the present study. Combustion of ethanol and de-
cane is modeled by the global one-step chemistry
mechanisms proposed in [13] . Six species, i.e. de-
cane (C 10 H 22 ), ethanol (C 2 H 5 OH), O 2 , N 2 , CO 2
and H 2 O, are considered. As will be discussed later,
SDRs are used for the analysis of flame/puffing
interaction since puffing of ethanol vapor domi-
nantly changes the local SDRs due to the ejected jet
flow effect. Therefore, the change of droplet com-
bustion characteristics by puffing is essentially not
due to a chemical effect by intermediate radicals,
and can be primarily captured using the above one-
step chemistry mechanisms. 

A decane/ethanol emulsion droplet (Case A)
and a droplet group (Case B) in a hot convective
air flow are considered. During the heating process,
coalescence of ethanol sub-droplets generally oc-
curs due to thermocapillary migration and reduced
functionality of the surfactant. However, the char-
acteristic time scale of this coalescence process for
spray-scale droplets in a combustor is much longer
than that of the puffing, and therefore droplet co-
alescence is not directly solved here [5–7] . Instead,
the current study utilizes the research outcome of 
the previous study on convective heating of an
emulsion droplet [6] to save computational time of 
the droplet heating process. The ECME (Effective
Conductivity with Modified Eccentricity) method
[6] is used to account for inner-droplet heating with
internal circulation for the liquid Péclet number
regime (100 < Pe L < 500) considered in the present
study. Vapor bubble nucleation is initiated by plac-
ing a tiny vapor bubble in a high-temperature re-
gion near the interface of an ethanol sub-droplet
[5–7,14] . 

The number and size of the ethanol sub-droplets
are set to be 19 and D sub = 4.6 μm as initial condi-
tions. The diameter of the parent decane droplet
is D = 30 μm. Therefore the volume fraction of 
ethanol is 7.4%, which typically triggers puffing
rather than full microexplosion [5–7] . The ambi-
ent pressure is p = 10 atm and the temperature 
T = 900 K. The air flow velocity is U = 10 m/s, and 

the droplet Reynolds number is 30. In Case B, the 
initial relative locations of emulsion droplets, nor- 
malized by D , are ( x , y , z ) = (0, 0, 0), ( + 1.47, + 0.13,
+ 1.28), ( + 1.47, + 2.05, + 0.96), ( −0.13, + 1.09, 
+ 1.41), ( −1.09, + 0.13, + 0.96), ( + 1.15, + 2.37, 
−0.51), ( −1.09, + 2.05, −0.96) and ( −0.45, + 0.45, 
−1.15), respectively [7] . The first two droplets in 

the droplet group are the focus of the investiga- 
tion in Section 3.2 , whose inter-droplet distance is 
l = 1.95 D . 

The MEX (MicroEXplosion) code is used, 
which has been validated in our previous stud- 
ies on turbulent atomization, turbulent mixing of 
an evaporating spray, explosive boiling and puff- 
ing of emulsion droplets under convective heat- 
ing [5–7,15,16] . The numerical scheme for ad- 
vection is based on the CIP (Cubic Interpolated 

Pseudo-particle or Constrained Interpolation Pro- 
file) method [17] . The speed of sound is incorpo- 
rated by the CUP (Combined and Unified Proce- 
dure) method [18] to include compressibility. The 
computational cost is higher compared with mono- 
component droplet combustion since the surface 
dynamics of not only the parent decane droplet 
but also the embedded ethanol sub-droplets must 
be resolved. The minimum grid spacing is set to 

be � = 0.19 μm [7] and the grid spacing is grad- 
ually stretched toward the outer rim of the com- 
putational domain. Grid convergence studies have 
been conducted, which confirm that the present 
grid spacing is fine enough to capture interface 
dynamics directly, including internal vapor bubble 
growth and surface rupture [5–7] . Structures inside 
the flame are also sufficiently resolved by this grid 

spacing. The total number of grid points is 243 mil- 
lion for Case A and 576 million for Case B, respec- 
tively. 

3. Results and discussion 

Two flame modes have been identified for mono- 
component droplet combustion, namely, an enve- 
lope flame and a side/wake flame [19–23] . For a 
certain range of droplet Reynolds numbers, mul- 
tiple modes can co-exist, depending on the balance 
between the surface evaporation rate and convec- 
tive/diffusive transport. Under the Re = 30 condi- 
tions, a side/wake flame will be formed at a mod- 
erate evaporation rate [19] , as considered in the 
present study. Without puffing/microexplosion, the 
flame is quasi-steady in the wake of the droplet. 
When puffing of ethanol vapor occurs, another fuel 
(ethanol) is ejected repeatedly into the flame region 

in a short time scale and changes the flame dynam- 
ics and heat release rate. The interaction between 

the droplet wake flame and ejected ethanol vapor 
due to puffing will be discussed in detail in the fol- 
lowing subsections. 
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Fig. 1. Puffing and puffing-induced interaction between ejected ethanol vapor and the decane-droplet wake flame at 
t = 9.2 μs. The red iso-surfaces indicate Y ethanol = 0.05 and 0.1. The green iso-surface indicates the parent droplet surface 
and the dark green iso-surfaces the liquid sub-droplet shapes. The wake flame shape is illustrated by the blue iso-surface 
of T = 1800 K with the ethanol consumption rate (mol/m 

3 /s) superimposed (scaled by the color bar). The 2D plane is 
later used for data collection and analysis. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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.1. Puffing-induced flame interaction with ejected 
thanol vapor 

Figure 1 shows a snapshot of puffing and
uffing-induced secondary breakup for case A at
 = 9.2 μs. Ethanol vapor pockets are indicated by
wo red iso-surfaces of Y ethanol = 0.05 and 0.1. A
emperature iso-surface of T = 1800 K is drawn to
ndicate the wake flame downstream of the parent
ecane droplet. The time is counted from the bub-
le nucleation. For a droplet of D = 30 μm, the
uffing time scale is O(1 μs). Ethanol vapor ejec-
ion starts at t = 5.5 μs after bubble growth. The
jected ethanol vapor reaches the flame surface and
he flame/vapor interaction starts slightly before
 = 7.8 μs. At t = 9.2 μs, as shown in Fig. 1 , the
ame shape is locally stretched and distorted due
o the progressed flame/vapor interaction. 

The global characteristics of the interaction be-
ween the puffing and droplet flame is presented
n Fig. 2 , which shows the temporal traces of the
ame surface area and heat release rate for Case A.
t is clear that the puffing transiently increases the
ame surface area and also the total heat release
ate. As diffusion progresses, this transient effect
ecomes weaker. The flame surface area reaches a
aximum value at t ∼9.4 μs in Fig. 2 and decreases

hereafter until a next ethanol vapor pocket arrives.
he heat release rate is reaching a maximum value
t a later time instant after t = 9.5 μs due to puffing-
nhanced-mixing effects on combustion. 

In addition to the above overall statistics, de-
ailed analyses are conducted hereafter. Note that,
in the following discussion, t = 7.8 μs indicates the
time slightly after the fuel-vapor/flame interaction
starts, and t = 9.2 μs when the interaction has
progressed as shown in Fig. 1 . Figure 3 shows
scatter plots of the gas-phase temperature, heat
release rate, SDRs and mass fractions of decane
and ethanol vapor during the flame/puffing inter-
action. These results present more quantified in-
formation about local interactions between ejected
ethanol vapor and the droplet wake flame. The
local flame/ethanol-vapor interaction due to
puffing occurs in the flame base region. The
rectangle in Fig. 1 schematically shows the data
acquisition plane for the analysis. The data ac-
quisition range in the flow direction is from 0.5 D
to 1.07 D downstream of the parent droplet rear
surface. In r / D > 0, where r / D is the normalized
transverse distance from the droplet center, the
flame/vapor interaction takes place. It can be seen
that in r / D < 0, the effect of ethanol is minor and
the wake flame is undisturbed. In contrast, in
0.2 < r / D < 0.9 at t = 7.8 μs and 0.2 < r / D <
1.2 at t = 9.2 μs, the interaction with the ethanol
vapor has changed the flame base structure. The
upstream gas-phase temperature in the interaction
region becomes lower due to the impact of ejected
ethanol vapor ( Y ethanol = 1 and T ∼ 425 K). The
ethanol mass fraction is close to the stoichiometric
value around r / D ∼ 0.9 at t = 7.8 μs and r / D ∼
1.2 at t = 9.2 μs, which makes the peak value
of the heat release rate of ethanol comparable
to that of decane. Basically, vapor ejection is
governed by the convective jet effect when puffing
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Fig. 2. Temporal traces of flame surface area S and heat release rate h , which are normalized by S 0 and h 0 (indicated by 
the circles) at t = 6.8 μs, respectively. 

Fig. 3. Scatter plots of gas-phase temperature, heat release rate, scalar dissipation rates and mass fractions of decane and 
ethanol vapor in the flame base region. 
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Fig. 4. Flame structure on the stoichiometric surface under puffing. (a) S-curves where the large symbols indicate values 
at t = 7.8 μs, and the small ones at t = 9.2 μs. (b) Conditional mean heat release rate 〈 ̇ ω | Z 2 〉 st on the stoichiometric surface 
of the disturbed flame. 
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tarts and diffusion gradually takes place after the
jection. At t = 9.2 μs, the diffusion effect is
elatively stronger than at t = 7.8 μs. 

For an evaporating fuel droplet with combus-
ion, a mixture fraction is defined to incorporate
he effect of diffusion and chemical reaction as
 i = ( Y F ,i + ( Y O 2 , 0 − Y O 2 ) / s i ) / (1 + Y O 2 , 0 / s i ) for a
ne-step global reaction of F i + s i O → (1 + s i )P i

24] , where the subscript 0 denotes a value at the
ar field and Y F ,0 = 1 is used. F i , O and P i stand
or fuel, oxidizer and product, respectively. s i is
he mass ratio of oxidizer to fuel at the stoichio-
etric condition. The subscript i = 1 denotes de-

ane and i = 2 ethanol. For a dual-fuel system,
hree SDRs are defined, namely, χ1 = 2 D di f | ∇ Z 1 | 2 ,
2 = 2 D di f | ∇ Z 2 | 2 , χ12 = 2 D di f (∇ Z 1 · ∇ Z 2 ) , where
 dif is the diffusion coefficient [7,25] . A unity
ewis number is assumed here. χ 1 represents mix-

ng/reaction between decane and air, χ 2 between
thanol and air, and χ 12 cross mixing between de-
ane and ethanol. Figure 3 b shows the distribu-
ion of χ 1 , χ 2 and χ 12 on the plane shown in Fig.
 . In 0.0 < r / D < 1.0 ( t = 7.8 μs) and 0.0 < r / D
 1.2 ( t = 9.2 μs), where the flame interacts with

he ejected ethanol vapor, it is evident that the
thanol vapor locally increases the magnitude of 
he SDRs. χ 1 and χ 2 are always positive and in-
icate the normal mixing between the respective
uel and air. χ 12 quantifies the cross mixing be-
ween the two fuels, which is particular to puffing
7] . χ 12 can be both positive and negative depending
n the local flow structures. Puffing initially makes
12 mostly negative, since the ethanol vapor is

jected into the decane-vapor/air mixture by the jet
otion and generates opposed stratification of the

wo fuels, which is also observed in non-reacting
ases [7] . As the coupling between diffusion and
local convection becomes gradually stronger, χ 12
can be also positive. 

Figure 3 indicates that puffing of ethanol va-
por changes the local SDRs dominantly due to the
ejected jet effect, where the local strain and the spa-
tial gradients of fuels are increased. This necessi-
tates quantification of the effects of multiple SDRs
on the flame dynamics in further detail, which is
discussed next. 

The correlations between the gas-phase temper-
ature and SDRs on the stoichiometric surface (S-
curves [26] ) are presented in Fig. 4 a, which further
show the puffing effect on droplet combustion. The
region investigated is r / D > 0 shown in Fig. 1 . The
flow-direction length of the rectangle is extended
further downstream to 2.0 D to include an undis-
turbed (not significantly affected) flame region for
comparison purposes. On the upper side of the fig-
ure, the undisturbed flame (the upper branch of 
the S-curves) can be seen, where the flame temper-
ature is lower for smaller χ st 

−1 . On the lower-left
side of the figure, the flame region strongly affected
by puffing can be seen. The puffing-affected flame
branch is discontinuous from the undisturbed up-
per branch. The SDRs are increased by puffing (see
Fig. 3 b) and accordingly the gas-phase tempera-
ture is lower. The puffing is, however, not strong
enough to cause extinction. Figure 4 b shows the
conditional mean heat release rate at the stoichio-
metric condition, 〈 ̇  ω | Z 2 〉 st , of the disturbed flame
in the puffing region. Two peaks can be found. The
DNS data show that the main contribution from
decane is formed around Z 2 ∼0.07 and the contri-
bution from ethanol makes the second peak around
Z 2 ∼0.05. Figure 4 indicates that the flame structure
is different from that of a one-dimensional (1D)
flame for a single fuel, and suggests that the mod-
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Fig. 5. Contribution of each term on the RHS of Eq. (4) to the rate of change of χ1 at t = 7.8 μs (left) and t = 9.2 μs 
(right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

eling of the puffing effect is possible in the Z −χ
space. 

The SDR is a key quantity in non-premixed
flame modeling. To better understand the puffing
effects due to the secondary fuel ethanol on the
SDR of the primary fuel decane, the SDR trans-
port equation for decane is analyzed, which is [25] 

∂ χ1 

∂t 
= −1 

4 

(
∂ χ1 

∂ Z 1 

)2 

+ 2 a χ1 + 

(
χ1 

2 
∂ 2 χ1 

∂ Z 1 
2 

+ χ12 
∂ 2 χ1 

∂ Z 1 ∂ Z 2 
+ 

χ2 

2 
∂ 2 χ1 

∂ Z 2 
2 

)
+ S χ1 . (4)

It should be noted that this equation is a model
budget equation to quantify the effects of each
term in the Z −χ space. The terms on the right-
hand side (RHS) represent dissipation, production,
diffusion of decane, cross diffusion between decane
and ethanol, diffusion of ethanol, and evaporation
source, respectively. a is the dominant compressive
strain rate. Figure 5 shows the contribution of each
RHS term to the rate of change of χ 1 condition-
ally averaged on Z 1 , i.e. ∂〈 χ 1 | Z 1 〉 / ∂t . The source
term is dominant only in the very vicinity of the
surface of the parent decane droplet, and there-
fore excluded from the gas-phase analysis here.
Once mixing starts, following the initial stratifica-
tion generated by ethanol vapor ejection, the diffu-
sion terms due to χ 1 and χ 2 contribute negatively to
∂ 〈 χ 1 | Z 1 〉 / ∂ t , which indicates normal diffusion pro-
cesses. The cross mixing term due to χ 12 mostly
contributes positively to ∂ 〈 χ 1 | Z 1 〉 / ∂ t , which is par-
ticular to the ejected ethanol vapor. The net contri-
bution of the RHS terms to ∂ 〈 χ 1 | Z 1 〉 / ∂ t is negative
and therefore χ 1 decreases gradually, which means
the steep gradients produced by puffing are attenu-
ated by mixing and reaction. This trend is qualita-
tively similar to that observed in non-reacting cases
[7] . The above results indicate that the dual-fuel va- 
por field including puffing can be considered in the 
framework of the conservative mixture fractions Z i 

for both reacting and non-reacting cases. 

3.2. Droplet group combustion under puffing 

Puffing in the transverse direction has a tran- 
sient effect on droplet grouping when there 
are other droplets in the neighborhood. The 
modulation of droplet grouping by puffing has 
been confirmed in non-reacting cases [7] . The pre- 
vious study [7] on the ethanol-vapor pocket trajec- 
tory by tracking the center of gravity of a vapor 
pocket in non-reacting cases has unveiled that the 
trajectory is similar to that of a jet in crossflow, i.e. 
x tr ∼ x d 

α , where α = 1 / 3 ∼ 1 / 2 , x tr is the transverse 
distance and x d is the downstream distance [7,27] . 
This correlation applies for a certain range of the 
equivalent ejection speed ratio r = 

√ 

ρv u v 2 / ρm 

u m 

2 , 
where the subscripts v and m represent the vapor jet 
velocity and the main air flow velocity, respectively. 
In Case A where the droplet wake flame is affected 

by puffing, r is around 3.3, and the vapor pocket 
trajectory is similar to that for the corresponding 
non-reacting case [7] (not shown here). This is ex- 
pected since the initial stage of vapor ejection is 
dominantly determined by jetting for both reacting 
and non-reacting cases. It indicates that the ejected 

ethanol vapor pockets may reach a few diameters 
away from the parent decane droplet, induce inter- 
droplet interaction and modulate droplet group 

combustion when there are other droplets in this 
region of influence. 

For Case B, the puffing dynamics and flame 
modulation due to puffing are similar to those for 
Case A. Figure 6 shows a snapshot of interactions 
between puffing and the droplet-group flames in 
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Fig. 6. Droplet group combustion under puffing (Case B). See Fig. 1 for iso-surface definitions. The yellow iso-surface 
represents T = 1800 K. In the x and z directions, periodic boundary conditions are imposed. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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ase B, where inter-droplet interactions occur and
ffect the droplet-grouping mode due to puffing.
ach flame is similarly formed in the wake of a
roplet. Between the two droplets on the upstream
ide (D1 and D2 as shown in Fig. 6 ), puffing of an
thanol vapor pocket can be seen. Since the inter-
roplet distance is small ( l = 1.95 D ) and within the
egion of influence, the ethanol vapor pocket im-
acts on both flames of D1 and D2. Puffing can
herefore be an additional transient factor affect-
ng droplet grouping, in addition to static droplet
ettings such as geometrical droplet positions and
ow conditions [ 19 – 23,28 ]. The group combustion
heory has been developed based on steady condi-
ions [29] , but it has been first demonstrated here
n detail that transient effects such as puffing can
lso be important for emulsion fuels. For such fuel
lends, DNS can be a powerful tool, as shown in the
resent study, to guide the modeling of emulsion-
uel spray combustion. 

. Concluding remarks 

Combustion characteristics of an emulsion
roplet and a droplet group have been investigated
o elucidate puffing-induced interaction between
jected ethanol vapor and a wake droplet flame.
uffing occurs in a short time scale and the ejected
thanol vapor rapidly reaches the flame base. The
thanol vapor interacts with the flame by tran-
iently increasing the fame surface area and heat re-
ease rate for a certain period. The impacted region
y puffing exhibits different temperature and reac-
tion rate characteristics from a 1D flame. The SDRs
are strongly affected by the ejected ethanol vapor
due to its jet flow effect. The flame S-curves indi-
cate that the combustion characteristics are also
affected by the change in the SDRs. The puffing
effect can be quantified by the budget analysis in
the Z −χ space. The SDR due to cross mixing be-
tween the primary fuel decane and the secondary
fuel ethanol is dominantly negative, which is par-
ticular to puffing. As mixing progresses, the cross
SDR can be also positive, since the overall spatial
gradients of decane and ethanol vapor may align
with the same direction. Then the magnitude of the
SDRs reduces, as indicated by the budget analy-
sis. When the vapor ejection is toward the trans-
verse direction, it has an influence in a region whose
span is within a few diameters from the puffing
parent droplet. In the multiple-droplet configura-
tion, the inter-droplet interaction can be enhanced
and droplet group combustion can be modulated
by puffing transiently. Therefore, puffing is an ad-
ditional factor in the droplet grouping even when
the geometrical configuration of the droplet group
remains unchanged. Such an insight gained from
the present DNS study is crucially important for ac-
curately modeling combustion of biofuel-blended
emulsion-fuel sprays. 
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