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Numerical simulation of secondary atomization of an emulsion fuel droplet due to puffing: dynamics
of wall interaction of a sessile droplet and comparison with a free droplet
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Abstract

Physical mechanisms of explosive boiling of an ethanol-in-decane emulsion droplet are investigated
by numerical simulation. Vapor bubble growth due to explosive boiling leads to secondary breakup of
the droplet. The ethanol mass ratio is chosen in the regime of puffing (vapor ejection and partial
breakup), which is generally likely to occur for a fuel spray in a combustor. Using both free and sessile
droplet configurations and varying the initial number of boiling bubbles and the depth of the bubble
formation in the dispersed sub-droplets, the droplet breakup and vapor mixing processes are discussed.
For both free and sessile configurations, the basic dynamics of puffing is the same. When the bubble
depth is deeper in the sub-droplet, the bubble growth is eventually larger. When the number of bubbles
is more, puffing occurs several times, or the bubbles coalesce leading to larger bubble size, larger
breakup and enhanced vapor mixing. In the sessile droplet configuration, the vapor ejection dynamics
is essentially similar, but particularly when puffing is strong, the droplet bounces from the wall, first
pushed toward the wall by the ejected vapor and then pulled from the wall due to the repelling and
recoiling motion. Under such a condition, the initially attached droplet finally detaches form the wall
and returns into the ambient gas. This phenomenon may transiently influence the mixture formation
in a combustor when a fuel spray collides with the combustor wall. The present study serves as a first
step toward a goal of quantitatively evaluating the puffing/microexplosion effect on a real fuel
turbulent spray in internal combustion engines as to how large it can contribute to improving
combustion performance, and insights have been obtained for future modeling which is expected to
fill the gap between the droplet-scale and spray-scale knowledge.
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1. Introduction

For internal combustion engines, fuel efficiency and exhaust gas cleanliness have been critical
issues over decades. Using biofuels is considered as one of the effective ways to reduce overall carbon
dioxide (CO2) emission [1-5]. Biofuels are typically used in a blended form with fossil fuels since the
physical properties are slightly different and utilization in existing engine devices is strongly required.
Emulsion is one form of blended fuel, which is composed of immiscible components such as oil and
alcohol, and typically one component is dispersed as small sub-droplets in a parent droplet of the other
continuous component with the help of a surfactant agent [6]. The physical properties of components,
such as boiling point temperature, surface tension, viscosity, etc., are typically different and emulsion
fuels exhibit particular fluid dynamic behavior when heated in a combustor. One interesting
phenomenon is puffing or microexplosion, which is secondary atomization induced by explosive
boiling of contained dispersed-phase sub-droplets [1,4-28]. When an emulsion droplet is heated, the
difference in boiling point temperature leads to superheated sub-droplets and these metastable sub-
droplets may explode abruptly due to some disturbances [29-32]. As a result of this explosive
phenomenon, the parent emulsion droplet breaks up partially (typically termed as puffing) or entirely
(termed as microexplosion), which can play an important role in enhancing spray atomization [1,4-
28]. The essential physical mechanism of puffing and microexplosion is the same and the terminology
is mostly defined by the degree of breakup due to boiling bubble growth inside. Enhanced secondary
atomization due to puffing or microexplosion also leads to enhanced mixing of fuel vapor and air,
which may improve the combustion efficiency and reduce the hydrocarbon residue. Oxygenated fuels
such as ethanol enhance the oxidation of carbon and are thus considered to reduce the production of
particulate matter (PM) under some operating conditions [33,34]. These positive characteristics of
emulsion fuels have motivated the present study.

Due to the above benefits, numerous studies on the atomization, mixing and combustion
characteristics of emulsion fuels have been conducted so far. Experimentally, several studies have
focused on demonstrating the effectiveness of blended fuels in engine-scale devices [4,5,22-28]. It has
been demonstrated that the overall performance could be improved in terms of emission characteristics.
However, the performance assessment may be sometimes combustor-specific and detailed physical
processes occurring inside the combustor are typically difficult to observe or measure quantitatively.
Several experiments [26-28] have reported that the flame characteristics have been changed due to
puffing/microexplosion, such as ignition, spray angle and spray penetration, but detailed quantitative
impact of puffing/microexplosion on the whole spray combustion dynamics is still not well known.
More fundamentally, droplet-scale emulsion fuel experiments have been also conducted to elucidate
physical mechanisms in detail [6-15,18,19,21]. In these studies, puffing or microexplosion dynamics
was observed and its impact on vapor/air mixing and combustion was discussed. Puffing or
microexplosion affects the gaseous vapor/air mixture transiently in a non-uniform manner and thus
affecting the combustion behavior. Detailed observations or measurements of the droplet internal
structures were also conducted to identify the evolution process leading to puffing and microexplosion
[7-15,18,19,21]. In these studies, typically, the droplet scale is set at O(1mm) to make the experimental
setup easier and to enable detailed observations. In a realistic fuel spray, however, the size of droplets



is O(1-10um) and therefore the knowledge obtained through such experimental studies should be
carefully treated. Mikami et al. [35] theoretically discussed the occurrence probability of
microexplosion and shown that smaller droplets may have a smaller probability and the key is the time
necessary for the inception of vapor nucleation, which is strongly related to the temperature inside the
droplet. Recently, an experimental study on real-scale droplets has been reported by Watanabe et al.
[25], in which even small droplets (30-50um) in a spray exhibit puffing behavior when they have
undergone heating. The dominant mode was puffing rather than microexplosion. The combustion
experiments mentioned above [26-28] reported that puffing/microexplosion was observed in the spray
flame region. Avulapati et al. [18] also reported that a small secondary droplet of 80um can explode
when it passes a very high-temperature region across a flame. Therefore, it is expected that even small
droplets can exhibit puffing (or microexplosion with a less probability) behavior in some regions in a
real fuel spray. However, quantitative knowledge on such a spray is still limited [25].

Numerical simulation could also play a role in elucidating the puffing/microexplosion dynamics
of an emulsion droplet. One advantage of numerical simulation is that three-dimensional (3D) transient
data can be obtained for a real-scale droplet of O(1-10um). Currently, however, numerical simulation
studies are relatively fewer [16,17,20]. Shinjo et al. have conducted detailed numerical studies on
boiling bubble growth and puffing/microexplosion dynamics under various conditions [16].
Convective heating under the combustor-relevant conditions for a 30um emulsion droplet has been
also studied [36], where it was confirmed that the internal liquid circulation induced by the gas flow
makes the local liquid temperature non-uniform and high mostly in the rear half of the droplet, which
indicates a larger possibility of local puffing rather than entire microexplosion for a small droplet in a
spray. Shinjo et al. [17,20] also unveiled the multiple droplets interaction under convective and
reactive conditions mimicking droplets in the periphery of a jet spray because droplets deep inside the
densely populated spray region cannot be exposed to the hot ambient air [37] and
puffing/microexplosion is unlikely. By these studies, the transient fluid dynamic behavior leading to
secondary atomization has been clarified, which can be used to consider the dynamics of a realistic
emulsion fuel spray. These studies, however, have not discussed the behavior of an emulsion droplet
deposited on the wall. In modern internal combustion engines where high pressure injection is used,
the injected spray may collide with the combustor (cylinder or piston) wall and droplets may interact
with the wall. In a larger scale setup (~O(1mm)), some experimental data of emulsion droplet/wall
interaction are available [6,11], but the behavior for a small-scale (~O(1-10um)) droplet is still
unknown. Therefore, it is worth investigating the dynamics of puffing/microexplosion of a real-scale
small droplet initially attached to the wall.

The objective of the present study is to unveil the fluid dynamic mechanism of puffing-induced
secondary atomization of a sessile emulsion droplet on the wall by numerical simulation. Cases for a
free droplet will be also considered for comparison. The ambient gas conditions are set to mimic a
combustion chamber of a diesel engine. Diesel-biodiesel-bioethanol mixture is basically considered,
and the physical properties of decane are used for surrogate purposes. Therefore, ethanol is dispersed
as sub-droplets inside a parent droplet of decane. To see the parametric trends, the number and position
of sub-droplets are varied and also the number and position of initial boiling bubbles inside the ethanol



sub-droplets are varied. The growth rate during the onset of puffing and the subsequent droplet breakup
characteristics are discussed. For the sessile droplet cases, the interaction between the puffing droplet
and the wall is also discussed to obtain further insights into emulsion fuel dynamics in a combustor.
Still, phenomena in a fuel spray is complicated and the effect of secondary atomization on the spray
dynamics and turbulent mixing should be carefully examined in the future for a quantitative evaluation.
This study is one of the key steps toward that goal.

This paper is organized as follows. Section 2 describes the numerical formulations. Section 3
explains the numerical setup. Section 4 presents the results and discussion mainly focusing on the
sessile droplet dynamics, with some comparison with that of free droplet cases. Finally, concluding
remarks are given in Section 5.

2. Numerical formulations
The present study directly resolves the droplet interface motion and the governing equations are
the 3D Navier-Stokes equations given as

Z+-ni=g, (1)
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where p is density, u velocity, T temperature and Y; species mass fraction. Species of decane,
ethanol, oxygen and nitrogen are considered in this study [16,17]. F, (= F;, F,) represents the level-
set function [38,39], where two interfaces (one between gas and liquid and the other between liquid
decane and liquid ethanol) are solved in this study [16,17,20]. p is pressure and c, the specific heat
at constant volume. Q,, is the term for the Newtonian viscous force. Fs is the term for surface tension
modeled by CSF (Continuum Surface Force) method [16,17,20,40] and will be defined later. Qr
represents heat conduction modeled by Fourier’s law, heat transfer due to mass diffusion and the work
done by viscous force. Qy, is the term for mass diffusion modeled by Fick’s law. S, is the source
terms due to phase change (boiling) and will be defined later.

The level-set function is a signed distance function, which is used to capture an interface [38,39].
In this study, F; = 0 represents the air/decane interface and F, = 0 represents the decane/ethanol
interface [16,17,20]. These level-set functions are combined with the MARS (Multi-interface
Advection and Reconstruction Solver) method [41], a kind of VOF (Volume of Fluid) method, to
improve the mass conservation in the level-set method [16,17,20,42].

Surface tension is modeled as a volume force by the CSF method [40], given as

F; = okdn, 4
where o is the surface tension coefficient, k = —V - n is the local surface curvature, n is the surface
normal unit vector and § is the delta function to identify the surface.

Phase change (boiling and evaporation) is formulated as jump conditions at the interface. Since
the emulsion composed of immiscible liquids is considered and the liquid/gas interfaces are fully
resolved, phase change of each component locally occurs independently. Although evaporation of



decane is also considered, its effect is minor. Therefore, boiling of ethanol is the primary cause of
droplet breakup dynamics. In the general form of phase change, the jump condition for heat is
[16,17,39]

hyw = [AVT - n], (5)
where h, is the latent heat of evaporation, w is the evaporation rate, A is the thermal conductivity.
[f] denotes the difference of a variable f between the liquid and gas phase at interface, i.e., [f] =
fi — fc- The subscripts L and G represent liquid and gas, respectively. The velocity at the interface
satisfies [16,17,39]

= p(ug—uy)-n=ps(us—ug) -n (6)
where the surface velocity ug is defined as the sum of the liquid velocity and the surface regression
velocity, i.e., ug = u;, + s, and s, = s;n = w/p; - n. Therefore, the jump condition for the velocity

is
ug —u, = —(pg' — py Hon. )
From the above jump conditions, the source terms for phase change in Eq. (3) are [16,17]
Sy = plpg* = pr M8, (®)
Su=(pg' —pr N (%) én, ©)
— ().
5= (pcp) @9, (10)
Sex = —IVE|sy, (11)

where ¢, is the specific heat at constant pressure.

The numerical code used is called MEX (MicroEXplosion) [16,17,20,36,43-45]. Eq. (1) is solved by
CIP (Cubic Interpolated Pseudo-particle) method [46,47]. The CIP method enables accurate
calculation with less numerical diffusion and oscillation. This code has been used for various
multiphase problems such as droplet pinch-off [43], turbulent liquid spray atomization [43,44] and
evaporating spray dynamics [45], and the capability has been well demonstrated. From [16], two
relevant validation cases are reproduced to demonstrate the effectiveness of the present numerical
method. Figure 1a shows the 3D non-linear droplet oscillation of an initially prolate spheroid of a/b=3,
where a is the length of its semi-major axis and b is the length of its semi-minor axis. The time is non-
dimensionalized by p,r3/0c where the liquid density is p.=700kg/m?, surface tension 6=20x103N/m,

equivalent radius r=33p=2.9x10*m, viscosity x=635x10"5Pa-s and the droplet Reynolds number is

100. The result from the present code [16] and the published result from [48] are in good agreement.
Therefore, the interface dynamics can be properly captured. Next, Fig. 1b shows the boiling bubble
growth [16]. The detailed case settings can be found in [16]. For all the cases, the bubble growth is in
agreement with the theoretical prediction of diffusion-controlled growth [49,50], which is the main
bubble growth mode except at the very initial moment (denoted as inertia-controlled). In the simulation
cases, some oscillations can be also seen and the oscillation periods are also in good agreement with
the theory [16,51]. Therefore, bubble growth can be well capture by the present method. More direct
validation cases relevant to the present study can be found in [16,17].
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Fig. 1 Validation of the numerical method [16]. (2) 3D non-linear droplet oscillation. The
upper line (3D overall view) and middle line (2D shape on the center plane) are from this
code and the lower line represents the results from [48]. The time is 0.108, 0.563, 1.051, 1.432,
2.124 and 2.817, respectively. (b) Boiling bubble growth. Refer to [16] for detailed case
descriptions. The images are reproduced from [16] under the Creative Commons BY license.

€
©

3. Case setup

The present study investigates the dynamics of explosive boiling of an emulsion droplet under
conditions relevant to the combustion chamber in a diesel engine. Two configurations are considered:
free droplet and sessile droplet. The free droplet configuration corresponds to a freely floating droplet
in a spray and the sessile droplet configuration corresponds to a droplet attached to the wall after spray
impingement. Common flow conditions are listed in Table 1. The ambient air pressure is set at 30atm
and the ambient air temperature at 900K. For all the cases, the parent droplet diameter is set as
D=30um. This size is relatively large in a turbulent spray but this setting is intended because a larger
droplet has more impact when puffing/microexplosion occurs in a spray [16,17]. The emulsion fuel
components considered here are decane and ethanol (ethanol-in-decane) to mimic a Diesel, biodiesel
and bioethanol mixture [17,18]. For the multi-species system of decane/ethanol/air, the above pressure
still represents the subcritical pressure [52]. The mass ratio of ethanol is set at 11-16% in 3D (Cases
S-4 and S-5) and 24-30% in 2D (other cases). It is experimentally reported that Diesel-ethanol mixture
tends to be unstable and to separate when the mass percentage of ethanol becomes far higher beyond
10% (in 3D) [18]. Considering the easiness of fuel preparation in internal combustion engines, the
above level of mass ratio is used in the present study. (Note that in 2D this percentage becomes
relatively larger in appearance.) The experimentally observed mode for the above mixture ratio is
typically puffing rather than microexplosion [18]. Therefore, puffing is mostly considered here. The
boiling point temperature for ethanol is 460 K and the droplet temperature is initially set at 500 K,
therefore the degree of superheat is 40 K, which is a realistic superheat degree for puffing [16,17]. The
initial velocity is set as zero. Table 1 presents the physical properties as p; gecane = 650 kg/m?3,



PLethanor = 800kg/m?, p;, = 1.6 x107*Pa-s and o, = 70.0 X 107> N/m. These values are
slightly modulated from the real values to make the phenomenon slightly faster, but the essential
dynamics can be captured [16,17]. Other properties such as heat of evaporation, heat capacities and
others are temperature-dependent and retrieved from the database of NIST (National Institute of
Standards and Technology) [53]. Since it is difficult to predict ethanol vapor nucleation
deterministically, nucleation is initiated by giving a tiny vapor bubble whose initial diameter is 2.1pm
inside the ethanol sub-droplet [16,17]. This setting means that the very initial bubble growth phase is
skipped, but it has been demonstrated that this assumption would not cause any critically wrong
behavior in the dynamics of puffing/microexplosion [16,17] (see Fig. 1b). It should be also stressed
that it is not intended to consider only this specific combination of fuel type and flow conditions, but
the fluid-dynamic results here can be applied to typical immiscible hydrocarbon-alcohol systems.
Parametric variations are mostly made in the 2D cases since it has been demonstrated that even
2D calculations can capture the parametric trend of puffing/microexplosion [16]. In addition, 3D cases
are also conducted to fully capture the 3D effects. The grid spacing is 0.3um in all cases. It has been
demonstrated that this grid spacing is fine enough to capture the puffing dynamics for the size of the
present droplets [16,17,20]. In 2D cases, the total number of grid points for the free droplet is 90,000
and for the sessile droplet is 48,000. In 3D cases, the total number of grid points for the sessile droplet

is 14.4 million.

Table 1. Common conditions for all the cases

. Ambient Ambient Parent Superheat
Droplet diameter
D (um) pressure temperature droplet degree of
m
H p (atm) T (K) temperature (K) ethanol (K)
30 (F, S cases)
30 900 500 40
21.2 (WI cases)
Decane density Ethanol density Liquid viscosity | Surface tension
pL,decane (kg/m3) pL,ethanol (kg/m3) 1253 (Pa' S) (N/m)
650 800 1.6 x 107* 70.0 X 1073

(@) Free droplet cases

Figure 2 shows the schematic of droplet and bubble settings for the free droplet configuration. The
calculation cases are listed in Table 2. These cases are set to mainly examine the effect of the number
of boiling bubbles. One ethanol sub-droplet is placed inside the parent droplet. The initial ethanol sub-
droplet diameter is set as 13.6um. The ethanol droplet surface depth d is set to be 2.2um and the
distance of the vapor bubble center from the sub-droplet center R, is 3.9um in the +X direction in
the baseline Case F-1. In Cases F-2 and F-3, the number of initial vapor bubbles is increased. As shown
in Table 2, the bubbles are placed at the same distance of R,=3.9um from the sub-droplet center in



the £X (Case F-2) and +X and +Y directions (Case F-3), respectively. The computational domain
size is 90x90um (3Dx3D).

Fig. 2 Setup of sub-droplet and bubble for the free droplet configuration.

Table 2 Calculation cases for the free droplet configuration.

d Number and | Massratio | Number of
(um) Ry (Um) size of sub- | of ethanol boiling
droplets bubbles
Case F-1 (2D) 2.2 3.9 in +X direction 1, 13.6um 24% 1
Case F-2 (2D) 2.2 3.9 in £X direction 1, 13.6um 24% 2
Case F-3 (2D) 2.2 | 3.9in £X, £Y direction | 1, 13.6um 24% 4

(b) Sessile droplet cases

Figure 3 shows the schematic of droplet and bubble settings for the sessile droplet configuration
to investigate the interaction between the droplet and the wall. The calculation cases are listed in Table
3. The basic configuration is the same as that of the free droplet cases, and 3D cases are added. The
number of ethanol sub-droplets is one for Cases S-1 to S-4 and four in Case S-5. The initial decane
droplet diameter (contact diameter on the wall) D is set to be 30um, and the initial decane droplet
height A is 15um. S-4 and S-5 are 3D cases. S-5 is to see the effect of the number of sub-droplets, and
the sub-droplet size and position are slightly different to see the effect of more dispersed ethanol. The
initial ethanol sub-droplet diameter is 10.8um for Cases S-1 to S-4 and 7.6um for Case S-5.

It has been reported that typically nucleation is likely to occur near the sub-droplet interface [29-
32], but here a larger variation is given to see the dynamic effect of nucleation position. In Case S-1
and Case S-2, one bubble is placed in the vicinity of the ethanol droplet interface on the ambient air
side (+Y) (Case S-1) and at the center of the ethanol sub-droplet (Case S-2), respectively. In Case S-
3, two bubbles are placed in the +X direction symmetrically. In Case S-4 (3D), four bubbles are placed
in the X and +Z directions symmetrically. In Case S-5 (3D), one bubble is placed at the center of
each ethanol sub-droplet. The wall contact angle is set to be 120 degrees in all cases, which is to mimic
the slightly hydrophobic condition often encountered in microexplosion experiments on the hot wall
[6,54,55]. This setting of the statically fixed contact angle is to primarily focus on the droplet dynamics



due to bubble growth. Under some conditions, however, the wall contact angle may statically or even
dynamically vary depending on the wall characteristics. This effect will be investigated in the future.
The wall temperature is hypothetically set at 900K, but the heat transfer from the wall is not considered
since the puffing dynamics is much faster. The computational domain size is 90x48um (3D%1.6D) in
2D cases and 90x90x48um (3Dx3Dx1.6D) in 3D cases.

-

Fig. 3 Setup of sub-droplet and bubble for the sessile droplet configuration.

Table 3 Calculation cases for the sessile droplet configuration.

d Number and | Mass ratio | Number of

(um) Ry (Um) size of sub- | of ethanol boiling

droplets bubbles
Case S-1 (2D) 2.2 3.3in +Y direction 1, 10.8um 30% 1
Case S-2 (2D) 2.2 0.0 1, 10.8um 30% 1
Case S-3 (2D) 2.2 3.3 in =X direction 1, 10.8um 30% 2
Case S-4 (3D) 2.2 3.3 in £X, £Z direction | 1, 10.8um 11% 4
Case S-5 (3D) 2.2 0.0 4,7.6pum 16% 4

(b-2) Wall impacting droplet cases (reference cases)

In order to discuss the wall bouncing behavior in 4.3, additional reference cases of wall impacting
droplet are considered. The configuration is schematically shown in Fig. 4. An emulsion droplet with
its initial downward velocity is placed 2um above the wall and it will quickly hit the wall surface. The
initial velocity U is varied between Cases WI-1/2 and WI-3/4, and the droplet Weber and Reynolds
numbers, defined as We = p,DU?/a,, and Re = p,DU/u, respectively, change accordingly. Here,
the parent droplet diameter is D=21.2um, which is to make the total volume the same as that of the
sessile droplet (Cases S-1 to S-3), and the sub-droplet diameter is Dsu,=10.8um. Cases WI-1 and WI-
3 are without puffing and Cases WI-2 and WI-4 are with puffing. One vapor bubble is placed at the
center of the sub-droplet to initiate puffing. Table 4 summarizes the flow conditions. The
computational domain size is 100x40um (4.7Dx1.9D). Other conditions are the same as those of the
sessile droplet cases.



Parent droplet

Sub-droplet

2.0 pm

Fig. 4 Schematic of wall impacting cases. One sub-droplet is placed at the center.

Table 4 Reference calculation cases of wall impact.

Impacting Droplet Droplet Number and
. . Number of
velocity Weber Reynolds size of sub- o
boiling bubbles
(m/s) number number droplets

Case WI-1 5.0 4.9 431 1, 10.8um no puffing
Case WI-2 5.0 4.9 431 1, 10.8um 1
Case WI-3 30.0 177 2584 1, 10.8um no puffing
Case WI-4 30.0 177 2584 1, 10.8um 1

4. Results and discussion
4.1. Overall puffing dynamics of a free droplet

After boiling bubbles are initiated in the ethanol sub-droplet, these bubbles continue to grow due
to explosive boiling, and subsequently the parent droplet surface ruptures and the ethanol vapor is
ejected. Accordingly, part of the parent droplet would break up into smaller secondary fragments.
Figure 5 shows the droplet shape and the ejected ethanol vapor distribution for Cases F-1, F-2 and F-
3 at 1.0us after all bubbles have ejected the vapor into the ambient air. In the droplet, the yellow part
represents decane and the red part ethanol. The blue region in the gas phase shows the ethanol vapor
mass fraction.

Density | | yethanol
= 750 Gk
ge0 I 0.77
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10
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Fig. 5 Droplet shape and distribution of ethanol vapor mass fraction. (a) Case F-1 at t=2.7s,
(b) Case F-2 at t=7.4ps and (c) Case F-3 at t=3.6ps.

For the overall parent droplet breakup, the number of puffing events is one of the factors that
determine the breakup intensity. Comparing Cases F-1 and F-3, Case F-3 has three more bubbles and
the breakup is larger than Case F-1, as is evident in Fig. 5.

For each puffing event, the bubble size before rupture is also an important factor. Figure 6 shows
the comparison of the elapsed time leading to puffing for each case. The vertical axis represents the
time interval between each puffing event and the horizontal axis represents the sequential number of
each puffing event (1 means the first puffing). As seen in Fig. 6, the elapsed time for the first puffing
is almost comparable in all cases since the bubble closest to the parent droplet surface is placed at the
same position. However, the elapsed time for the subsequent puffing in Case F-3 is shorter than that
in Case F-2. This is due to the closer distance between each bubble in Case F-3, as shown in Fig. 7.
Therefore, these bubbles tend to coalesce more easily and the interval of puffing becomes shorter,
which makes each puffing event relatively less strong. With the longer bubble growth of the deeper
bubble in Case F-2, the eventual puffing is stronger. Figure 8 shows the evolution of puffing for Cases
F-2 and F-3. As is evident, each puffing occurs independently in Case F-2 and merging of puffing
bubbles can be observed in Case F-3. These results are consistent with the reported results in [16].

——Case F-1 —A—CaseF-2 —H&—CaseF-3
7.0

6.0
5.0
4.0
3.0
2.0
1.0
0.0

Elapsed time for puffing (us)

1 2 3 4
The ejected vapor number in time order
Fig. 6 Elapsed time for the occurrence of each puffing (us) in the free droplet cases.
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(a) (b)
Fig. 7 The closest distance between bubbles. (a) Case F-2 and (b) Case F-3.

Density

(b) Case F-3 at t=1.8us (left) and t=2.6pus (right)
Fig. 8 Droplet shape at the instants of puffing. (a) Independent puffing in Case F-2 and (b)
merged puffing in Case F-3.

4.2. Overall puffing dynamics of a sessile droplet on the wall

Figure 9 shows the droplet shape and the ejected ethanol vapor distribution for Cases S-1 to S-3 at
1.0us after all bubbles have ejected the vapor into the ambient air. It is clear that the puffing and
subsequent breakup behavior is essentially the same as that for the free droplet cases in 4.1. Explosive
boiling initiated in the bubbles leads to bubble growth, rupture and ejection of the vapor.

12
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(a) Case S-1 at t=2.2us (b) Case S-2 at t=5.0us

(c) Case S-3 at t=2.8us
Fig. 9 Droplet shape and distribution of ethanol vapor mass fraction for the sessile droplet
cases (2D). (a) Case S-1 at t=2.2us, (b) Case S-2 at t=5.0us and (c) Case S-3 at t=2.8us. The
2D droplet coloring is the same as that in Fig. 5. The white rectangle in (c) will be later used
for discussion in 4.3.

The elapsed time from bubble initiation to puffing is shown in Fig. 10a, which also indicates that
as the depth of the bubble is deeper in the sub-droplet, the elapsed time for the puffing is longer. The
size history of the bubbles in Fig. 10b indicates the longer growth means a larger bubble. As a result,
comparing Cases S-1 and S-2, it is clear that in Case S-2 where the initial bubble position is deeper
toward the center of the sub-droplet and the bubble is contained in the parent droplet until it becomes
substantially large, the eventual breakup is larger. Comparing Cases S-1 and S-3, it is clear that in
Case S-3 where the droplet has multiple bubbles although each bubble growth is similar to that in Case
S-1, the droplet deformation becomes overall larger due to the combined effect of two bubbles, leading

to larger breakup.
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Fig. 10 Bubble growth behavior in the sessile droplet cases. (a) Elapsed time for the
occurrence of each puffing (us) and (b) temporal history of bubble size. Ry is the initial bubble
size and R is the effective radius calculated from the volume.

3D Cases S-4 (one sub-droplet and four bubbles close to the parent droplet surface) and S-5 (four
sub-droplets with one bubble each at deep inside) in Fig. 11 indicate the similar behavior. Again, the
droplet deformation is larger if the bubble growth is larger. In Case S-4, each vapor is ejected
separately. This is because the bubble surface depth is small (1.05um) and bubbles rupture before they
grow large enough. In Case S-5, coalescence of sub-droplets and bubbles occur and the bubble size is
larger as shown in Fig. 11 and the entire puffing is stronger.

Due to the wall, the breakup direction is limited and this may cause particular behavior of wall
bouncing. In fact, bouncing is observed in Cases S-2, S-3 and S-5 where puffing is relatively stronger.
This will be discussed later in 4.3.
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. Puffing
(a-1) Case S-4 at t=2.2us (bird’s view) (a-2) top view of Case S-4 at t=0.9us and t=1.2s

(b-1) Case S-5 at t=4.1ps (bird’s view)
Coalescence of bubbles Puffing

Bubble Puffing

Coalescence ofsub-drop‘lets

Puffing
(b-2) top view of Case S-5 at t=1.5us, t=2.0ps, t=2.6us and t=3.1us
Fig. 11 Behavior of the vapor bubbles during puffing in 3D cases. (a) Case S-4. (b) Case S-5.

4.3 Puffing and wall bouncing

Figures 12 and 13 show the temporal evolution of wall bouncing cases of S-3 (2D) and S-5 (3D).
In Fig. 13, the non-bouncing case of S-4 is also shown for reference. In Case S-3, initially at t=1.5us
and t=1.8ps, it can be seen that the two grown bubbles rupture and eject the vapor into the ambient air.
This vapor ejection is toward the +Y (upper) direction and serves as a thrust force to push the parent
droplet downward (in the —Y direction). Since the droplet motion in the —Y direction is restricted by
the wall, the droplet starts to bounce back changing its shape. The concave surface shape after vapor
ejection at t=2.0us has changed to the convex shape at t=3.0s and the droplet shape extends vertically.
Finally, the entire droplet is detached from the wall around t=5.0ps. After detachment, the droplet tries
to recover to a spherical (circular in 2D) shape with some shape oscillation. The behavior in 3D (Case
S-5 in Fig. 13a) is similar. Note that in 3D, generation of a ligament from the droplet surface after
puffing and subsequent secondary droplet pinch-off due to surface tension can be more clearly seen
than in 2D cases [17-21] since the surface tension evaluation can be done properly in the two principal
directions [43]. This ligament ejection is a result of the formation of the dynamically free portion of
liquid with the outward velocity, due to the local liquid motion [56,57]. Once the liquid portion
becomes free, it is eventually pinched-off as a ligament after the continuous outward motion.
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Fig. 12 Bouncing of droplet in Case S-3. The droplet coloring is the same as that in Fig. 8.

(b) t=2.0ps t=9.0us t=11.0ps t=12.0ps
Fig. 13 3D droplet behavior with puffing. (a) Case S-5 (bouncing case) and (b) Case S-4 (non-
bouncing case).
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Figure 14 shows the evolution of the surface area including both the parent and secondary droplets.
It is non-dimensionalized by the initial surface area of the parent emulsion droplet S,. It is clear that
the bouncing cases (S-2, S-3 and S-5) exhibit the larger magnitude in the surface area increase during
puffing than the non-bouncing cases (S-1 and S-4). This is to indicate that the strength of puffing can
be a factor to determine the bouncing behavior. Case S-3 is then further detailed to identify the motion
leading to wall detachment.
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I |
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(@) (b)

Fig. 14 Temporal evolution of droplet surface area. (a) Sessile droplet (2D) and (b) sessile
droplet (3D).

The time history of the Y-direction mean velocity v of the parent droplet surface in Case S-3,
averaged in the ejection area indicated by the white rectangle in Fig. 9c, is shown in Fig. 15a. The
mean velocity v is initially stable around zero with small oscillations due to boiling bubble growth
inside. After puffing it steeply becomes negative (pushed in the —Y direction) and quickly turns
positive (rebound in the +Y direction). The shape transformation from concave to convex, shown in
Fig. 12, corresponds to this period of time (2.0~3.0us). The entire droplet velocity (velocity of the
center of mass) in the +Y direction, shown in Fig. 15b, also indicates the same behavior of velocity
increase in the +Y direction after puffing.
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To identify the effect of puffing on this bouncing behavior, the wall impacting Cases WI-1 to WI-
4 are compared. Cases WI-1 (impact without puffing) and WI-2 (impact with puffing) are to compare
the puffing effect. Cases WI-3 and WI-4 are to see the effect of the large impact inertia. Figure 16
shows the behavior of each case. It is natural that the highest Weber number cases (WI-3 and WI-4)
exhibit large deformation and breakup without bouncing [58,59]. In both cases, the droplet breaks up
entirely, also with rim breakup due to surface tension. This is mostly caused by the inertia of the
droplet [58,59] and the effect of puffing is relatively negligible, thus these cases are not considered
further.

In Cases WI-1 and WI-2, it is interesting that bouncing does not occur in WI-1 and occurs in WI-
2, where the apparent impacting Weber and Reynolds numbers are the same. Generally, this small
value of impacting Weber number would result in wall attachment rather than bouncing [58,59].
Therefore, this bouncing behavior is induced by the puffing effect combined. Figure 17 shows the Y-
direction profiles of the surface velocity and the velocity of the center of mass for Cases WI-1 and
WI-2. Puffing occurs at t=3.2us in Case WI-2. Until this moment, the velocities exhibit a quite similar
trend of rising, which is due to mechanical repelling against the initial downward velocity. Some
oscillations in WI-2 are is due to boiling bubble growth and its oscillations. Around the puffing
moment at t=3.2us in WI-2, the surface velocity quickly rises and decreases, which indicates rupture
and vapor ejection. After this, the surface and center of mass velocities largely rise in WI-2, while they
do not rise over Om/s in WI-1. This is similar to the trends shown in Fig. 15. Finally, bouncing occurs
in WI-2. During puffing, the added downward surface velocity difference is around -2.5m/s (similar
in Fig. 15), which effectively adds further impacting speed to the droplet.
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(b) t=2.5us t=3.5us t=6.9us

(c)t=1.0us t=3.0us

t=5.2pus

(d)t=1.0ps

t=5.2us
Fig. 16 Dynamics of wall impacting droplet. (a) Case WI-1, (b) Case WI-2, (c¢) Case WI-3
and (d) Case WI-4.
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The surface motion around the instant of puffing in Case WI-2 is synchronized with the droplet
detaching motion. Figure 18 shows the velocity field, with the velocity vector plotted at every two
grid points. When rupture occurs (Fig. 18a-b), the periphery of the ruptured hole quickly shrinks due
to surface tension. Then the liquid in this region flows into the bottom side of the ejected hole (Fig.
18b-c) and this bottom part finally moves upward. This is called recoiling [17]. The recoiling motion
pulls the entire droplet upward, combined with the repelling motion, and leads to wall detachment.
The same behavior is observed in Case S-3, as shown in Fig. 19. Puffing adds the additional effect on

impacting, and therefore, wall detachment is particularly caused.

(c) t=3.6ps
Fig. 18 Recoiling motion during puffing (Case WI-2).
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Vapor ejection =

m(c) t=2.2us (d) t=2.5ps
Fig. 19 Recoiling motion during puffing (Case S-3).

As seen above, the bouncing droplet dynamics is the particular characteristics of a sessile droplet
with puffing. It is interesting that spray droplets once attached to the combustor wall may possibly re-
join into the central part of the combustor and contribute to vapor mixing and combustion. Since the
mass mixture ratio and the puffing dynamics in the present study mimic those of the realistic fuel blend
[18], such a phenomenon is expected to occur in a combustor.

Finally, the degree of vapor/air mixing is discussed. In order to characterize the vapor/air mixing,
the scalar dissipation rate (SDR) y is used, which is defined as [17,20]

X = 2Dgif|VY;|?, (12)
where Dy;f is the diffusion coefficient. Figure 20 shows the scatter plot of the SDR of the ethanol
vapor in Case F-1 (free droplet) and Case S-1 (sessile droplet) after 0.5us from puffing. The plot is
made in the direction of the vapor ejection and the dashed line represents the edge position of the
primary droplet shown. The difference between Case F-1 and Case S-1 is not very much remarkable,
indicating that the vapor/air mixing behavior between the free droplet and sessile droplet is similar
when the puffing intensity is similarly moderate.

Next, stronger puffing cases are compared. Figure 21 shows the SDR after 0.5us from puffing for
Case F-3 (free droplet) and Case S-2 (sessile droplet). For comparison, the spatial distributions for
Cases F-1 and S-1 are also plotted. For both Cases F-3 and S-2, where large breakup is caused by
several bubbles, mixing is enhanced and the region of the enhanced mixing is expanded because of
the effect of the stronger ethanol vapor ejection. In Fig. 21a, the distribution of the SDR for Case F-3
has several peaks. These peaks of the SDR correspond to the secondary droplet positions. Ethanol sub-
droplets are fragmented into smaller secondary droplets by puffing and the remaining superheated
ethanol generates vapor by boiling even outside the parent droplet, which indicates that mixing is
enhanced not only by puffing but also by the continuing boiling of the secondary droplets. Therefore,
if puffing (or microexplosion) positively works in a combustor, it may have a potential to unsteadily
enhance vapor/air mixing and, thus improving the combustion performance. At this moment, the
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puffing/microexplosion effect on vapor mixing in a turbulent spray remains unknown in a quantitative
sense, and further investigation is needed in a real fuel spray. The present study may serve as a first
step toward that goal.

The edge position of the primary droplet

5.0E+05 a
[ a I
I . I
v 3 1
= 4.0E+05 : The direction of vapor ejection
;Q:‘ I a I 1
| aa,
S 3.0E105 L A SDRethanol
= - St i 500000
: a | [
£ 2.0E+05 ‘ 230000
— ! 140000
=] 1 50000
a1 1
a2 1.0E+05 1
7] s
The edge position of the primary droplet
0.0E+00,
5
(a-1) (a-2)
S.0E+05r The edge position of the primary droplet
1
% i !
= 40E+05 1 :
‘g I : 4 The direction of vapor ejection
S 3.0B+05F A
2 1A
g I Y The edge position pr—"
% 2.0E+05 p : a8 of the primary droplet 500000
a S8 la 32 e oem o owm owm omm owm o owm e - -
3 g1 / = 425000
2 oost L = N B
2 LOE+OSF ' i ] 200000
! I 125000
r 4 50000
0-0E+0()l ................... 25
Y (um)
(b-1) (b-2)

Fig. 20 The SDR of the ethanol vapor in Case F-1 at t=2.2us and Case S-1 at t=1.7ps. (a-1)
and (b-1) are scatter plots in the direction of vapor ejection and (a-2) and (b-2) show the
spatial distribution.
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Fig. 21 The SDR of the ethanol vapor in Case F-3 at t=3.1us and Case S-2 at t=4.5ys. (a-1)
and (b-1) are scatter plots in the direction of vapor ejection and (a-2) and (b-2) show the
spatial distribution.

5. Concluding remarks
The secondary atomization physics by explosive boiling of emulsion fuel has been investigated

for the free droplet and the sessile droplet configurations. The analysis has been conducted focusing

on the behavior of bubble growth, droplet breakup and ethanol vapor mixing. The findings obtained

in the present study are as follows.

(1) The number of bubbles and the bubble size just before puffing are the factors which determine the
breakup degree of the droplet by puffing.

(2) The bubble size is affected by bubble coalescence or growth time. If several bubbles exist in the
droplet and they are close enough to coalesce before vapor ejection, the final bubble is larger and
a larger impact is caused during puffing. Even with only a single bubble, if the bubble position is
deep inside the droplet, the growth time is larger and the final bubble size is larger, which causes
larger breakup.

(3) If adroplet is attached to the wall, puffing may cause the droplet to detach from the wall when it
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(4)

is strong, even if the Weber number based on the colliding velocity is small in appearance. The
surface tension induced recoiling motion of the concaved surface rapidly changes the surface into
convex shape and pulls the entire droplet from the wall, combined with the repelling motion. This
particular dynamics, droplet bouncing and detachment from the wall, is enhanced due to puffing.
The larger the degree of breakup is, the larger the local mixing becomes since the ethanol vapor
ejection is stronger. Multiple ejections also affect the vapor distribution transiently. Therefore, if
puffing or microexplosion is possibly used in a combustor, it may positively enhance transient
mixing and thus have a potential to improve the combustion performance. At this moment, this
effect of mixing enhancement in the spray scale has not been directly evaluated in a quantitative
way, and further investigation is needed in the future.
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