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The aim of the present study is to achieve direct simulation of the puffing of a multicomponent droplet
using interface capturing approaches. A non-ideal multicomponent phase equilibrium model is used
to determine the composition of boiled vapour. Firstly, the puffing of a two-miscible-component
(ethanol:water=1:1 in wt.%) droplet in two-dimensional configuration is directly simulated. The
distribution of ejected vapour is impacted by a rotating and shape oscillating satellite droplet. The
ejected vapour contains much more ethanol than water, facilitating the transport of the volatile fuel
component inside the droplet to the ambient air. The morphological changes to the droplet induced
by puffing promote considerably the contact of the boiling surface with air, significantly increasing
the scalar dissipation rate of vapour/air. The effects of the nucleation bubble location and droplet
temperature on puffing were investigated. Secondly, the puffing of an emulsified three-component
(ethanol/water in dodecane) droplet in two-dimensional configuration is simulated. Grid indepen-
dency has been checked for both the two-miscible-component and three-component emulsified droplet
cases. Depending on the water volume fraction in the sub-droplet, which varies from 10% to 70%
and is the key parameter herein, both one and two breakups of the parent dodecane droplet are
observed. The characteristics of the sub-droplet “invasion” towards the inside of the parent dode-
cane droplet are investigated, together with the puffing statistics on the puffing delay time, satellite
droplet size, surface areas of both the sub- and parent droplets, and oscillation dynamics of the sub-
droplet.
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1. INTRODUCTION

Liquid fuels are first atomised into fine droplets by a spraying process and then mix with air
in the combustion chamber of aerospace/automotive engines and gas turbines. The study of the
evaporation and combustion characteristics of individual droplets at high temperature is thus
important for spray combustion, for present-day transportation and power generation using al-
ternative zero-carbon and carbon-neutral liquid fuels.

Microexplosion and puffing during droplet combustion were first discovered by Ivanov and
Nefedov (1965) when studying emulsified droplet combustion. Microexplosion has also been
observed in miscible multicomponent droplets (Shang et al., 2020; Wang et al., 1984). Puffing
occurs due to a large difference in boiling points between the components of the droplet. Bubbles
nucleate and grow in the superheated lower boiling point region inside the droplet, eventually
producing puffing or droplet rupture due to the pressure difference between the two sides of
the stretched liquid film overwhelmingly dominant over the surface tension. Droplet puffing
is of scientific significance since it facilitates the secondary fragmentation and atomisation of
sprayed droplets in engineering applications. It has therefore attracted great attention and has
been extensively studied (Avulapati et al., 2019; Mikami et al., 1998; Wang et al., 1984). In
the past, microexplosion and puffing were mainly studied using a single fibre-suspended droplet
(Gan and Qiao, 2011) and free-falling droplets (Han et al., 2017) experimentally.

Computational studies on puffing of a miscible multicomponent droplet used the Rayleigh’s
growth model to solve the growth of a single, quasi-steady state, symmetric bubble at the centre
of the droplet (Zeng and Lee, 2007). The simplified one-dimensional approach has contributed
to useful insights into microexplosion using the order-of-magnitude analysis. Similar recent ef-
forts include modelling puffing and microexplosion of a miscible multicomponent (Narasu and
Gutheil, 2023) and emulsion (Sazhin et al., 2022) droplet.

To understand puffing and its interaction with the ambient gas in multidimensional space, nu-
merical techniques have been developed with the continuous development of computing power.
In Fostiropoulos et al. (2021), a model for the breakup time (or puffing/microexplosion delay)
was developed and calibrated by two-dimensional axisymmetric computational fluid dynamics
using Navier-Stokes and volume-of-fluid. Volume of fluid was used to predict the secondary
breakup, accompanied by puffing, of a two-miscible-component heavy-fuel-oil droplet exposed
at high temperatures and low pressures under microgravity conditions in Guida et al. (2022).
The puffing of a two-component emulsion droplet was studied by Shinjo et al. (2014) by directly
resolving the gas-liquid interfaces, including those between the oil droplet and the ambient gas,
between the water satellite-droplet and evaporated water vapour, and between the oil droplet
and the water vapour. Puffing dynamics of the emulsion droplet in quiescent air was analysed,
showing the possibility of controlling puffing by tuning the parameters of the water droplet and
nucleation bubbles. Later a heating model for an emulsion droplet under convection conditions
was proposed (Shinjo et al., 2016b), which made it possible to study microexplosion and puffing
of an emulsion droplet under convective heating (Shinjo et al., 2016a).

Although the potential of puffing and microexplosion is fully recognised, optimising and
controlling the complex multicomponent droplet dynamics is still far from achieved, even whether
microexplosion will occur under typical operating conditions of various engineering applications
is in question. For instance, it was reported that microexplosion of methanol-in-diesel emul-
sion droplets under typical high-temperature, high-pressure engine conditions was not observed
(Ghosh and Ravikrishna, 2022), while microexplosion was confirmed to have been observed,
in high frequencies, both in single droplet burning and spray flame experiments of flame spray
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pyrolysis (Stodt et al., 2022).
It is clear that more research is needed to better understand and predict the puffing of a mul-

ticomponent droplet, especially favourable conditions for puffing and microexplosion to occur,
so optimising and controlling the disruptive droplet dynamics will become possible. In this pa-
per, puffing of a two-miscible-component ethanol/water droplet is first studied by high-fidelity
interface-capturing simulation. With the capacity of the code extended to cope with a multi-
component liquid mixture and its phase change, the puffing of an emulsified three-component,
ethanol/water in dodecane, droplet is then simulated and investigated. Although two-dimensional
configurations have been used in the present study due to computational cost, a numerical frame-
work is now available to study complex multicomponent, either miscible or immiscible (emulsi-
fied), droplet dynamics, including puffing and microexplosion.

2. METHODOLOGY

2.1 Mathematical formulations and numerical procedures

The governing equations (Shinjo et al., 2014)

ḟ + (u ·∇)f = g (1)

are solved for f = (ρ,u, T, Yi), where ρ, u, T , Yi denote density (kg·m−3), velocity (m·s−1),
temperature (K), and the mass fraction (-) of the i-th species, respectively. ḟ = ∂f/∂t and

g = (−ρ∇ · u + Sρ,−ρ−1∇p+ Qu + Su,−ρ−1c−1
v PTH∇ · u +QT + ST , QYi

+ SYi
), (2)

where PTH = T (∂p/∂T )ρ. For an ideal gas, PTH = p. Qu includes the viscous and surface ten-
sion terms. QT includes the work by viscous forces and heat conduction modelled by Fourier’s
law. QYi

is the mass diffusion term modelled by Fick’s law.
The level set method in combination with a VOF (Volume of Fluid) method MARS (Multi-

interface Advection and Reconstruction Solver) (Kunugi et al., 2001; Sussman and Puckett,
2000) is used to capture interfaces (Shinjo and Umemura, 2010). Surface tension solved by CSF
(Continuum Surface Force) method is included in Qu (Brackbill et al., 1992).

Boiling can be modelled using jump conditions at the boiling interface, including

hlω̇ = 〈λ∇T · n〉 , (3)
ω̇〈Yi〉 = −〈ρD∇Yi · n〉 (4)

for heat and mass transfer (Tanguy et al., 2007). The angle bracket 〈·〉 denotes the difference of a
variable f between the liquid and gas phases at the interface, i.e. 〈f〉 = fL − fG. hl is the latent
heat of the mixture (J·kg−1). ω̇ denotes the mass rate of evaporation (kg·s−1). λ andD represent
thermal conductivity (W·m−1·K−1) and mass diffusion coefficient (m2·s−1), respectively. n is
the surface normal unit vector. The subscripts L and G denote liquid and gas, respectively.

The boiling source terms are

Sρ = ρ(ρ−1
G − ρ

−1
L )ω̇δ , (5)

Su = ρ−1(ρ−1
G − ρ

−1
L )ω̇δn , (6)

ST = −ρ−1c−1
p hlω̇δ , (7)

SYi = ρ−1〈Yi〉ω̇δ , (8)
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where δ is the delta function to identify a surface.
The CIP (Cubic Interpolated Pseudo-particle or Constrained Interpolation Profile) method

is used to solve the equations in the advection phase. In the non-advective phase, the equation
is solved by CCUP (CIP-combined and unified procedure) method. Then in the final acoustic
phase, a Poisson equation is solved to obtain the pressure. The detailed method can be found in
Shinjo et al. (2014); Takewaki et al. (1985); Yabe et al. (2001).

Unlike mono-component liquid, the concentrations of the gas and liquid components at an
interface are no longer equal due to the different boiling points of each component, when phase
change occurs in miscible multicomponent liquid. A jump of the mass fractions of the compo-
nents occurs at the gas-liquid interface. The concentration of a gas component at the gas-liquid
interface is strongly dependent on that of the liquid counterpart. In this study, the bubble surface
is considered to be in thermodynamic equilibrium, and the relation between the gas and liquid
components at the interface can be modelled by phase equilibrium, as

Xi,s = λiXi,L
pi,vap

p
, (9)

where λi (-) is the activity coefficient of a liquid component i. Xi,s and Xi,L denote the mole
fractions of component i in the saturated gas and liquid at the interface, respectively. pi,vap is the
vapour pressure of component i.

When λi = 1, the mixture is ideal, satisfying Raoul’s law. However, many liquid fuel mix-
tures, especially those containing hydrogen bonds, differ significantly from an ideal mixture.
Thus, in this study, the UNIFAC [UNIQUAC (universal quasichemical) Functional-group Ac-
tivity Coefficients] method (Fredenslund et al., 1975) was used to calculate the activity factor
λi, which has been widely used and can accurately reflect the activities of liquid components
(Banerjee, 2013; Narasu et al., 2020; Yang et al., 2021). Considering computational cost and
the mixtures under investigation, the calculated mixture phase equilibrium curves determined by
UNIFAC are tabulated.

The physical properties of a two-component liquid mixture also vary with the concentrations
of the components. In this study they were calculated with reference to Ra and Reitz (2009),
using a linear mixing rule based on either mole fractions for the mixture’s viscosity and thermal
conductivity or mass fractions for its density (1/ρ), specific heat at constant pressure and latent
heat of evaporation.

2.2 Code validation

The code MicroEXplosion (MEX) (Shinjo and Umemura, 2010, 2011, 2013; Shinjo et al., 2014,
2016a,b; Tanimoto and Shinjo, 2019) is used and has been further developed for this work. MEX
has demonstrated its ability to directly simulate boiling surface dynamics (Stefan problem) and
linear/nonlinear droplet oscillations (Shinjo et al., 2014), which are directly related to bubble
swelling and puffing. In addition, the code can now directly simulate convective heat/mass trans-
fer both in an emulsion (immiscible) and miscible multicomponent droplet, including the fluid
dynamics within the droplet, which is essential to simulate puffing dynamics.

The capability of MEX has been demonstrated in studies revealing the microexplosion and
puffing dynamics of a two-immiscible-component water-in-oil droplet (Shinjo et al., 2014).
To validate further development of the code for two-miscible-component liquid, a bubble was
placed in a uniformly superheated liquid and the growth of the bubble is determined. The com-
position and thermo-physical properties of the ethanol/water liquid pool are listed in Table 1.
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Gas parameters are calculated using the ideal gas law. The results in Fig. 1(a) show that the
bubble radius growth is overall proportional to

√
t, which is in good agreement with theory. The

growth of the bubble is oscillatory with time, which was also observed in Shinjo et al. (2014).
The natural oscillation frequency ωN of an isothermal bubble surrounded by a homogeneous
liquid can be predicted according to the equation:

ωN =

√
3∆p+ 4σ/Rb0

ρLR2
b0

, (10)

where Rb0 is the equilibrium bubble diameter. Although Eq. 10 was derived for non-growing
bubbles, it can be used to estimate the oscillation frequency of growing bubbles. ∆p is the initial
pressure difference, which is ∼ 50,000 Pa. According to the first cycle (I) the equilibrium radius
Rb0 ≈ 2.2 µm, the oscillation period T = 2π/ωN ≈ 0.87 µs is obtained according to equation
(11), which is very close to the duration of the first oscillation cycle of the simulated bubble. The
method is used to obtain the subsequent oscillation periods of 1.22 µs (II), 1.68 µs (III) and 2.14
µs (IV), respectively, all of which are very close to the simulation results.

TABLE 1: Composition and thermo-physical properties of the ethanol/water liquid pool. The
liquid temperature is Tl = 410 K. The pressure is p = 5.0 atm.

H2O C2H5OH
Mass fraction Y (-) 0.5 0.5
Density ρ (kg·m−3) 850 750
Latent heat h (kJ·kg−1) 2,256 850.51
Thermal conductivity λ (W·m−1·K−1) 0.68 0.16
Surface tension coefficient σ (×10−3 N·m−1) 47.5 9.9
Viscosity µ (×10−4 Pa·s) 1.7 2.3

At the same superheating degree ∆θ0, a multicomponent bubble grows more slowly than a
mono-component one. Figure 1(b) presents the comparisons of the bubble growth constant C1
among the theoretical, experimental and simulation data, where C1 = C2/∆θ0 = Rb/

√
t/∆θ0.

A binary mixture of n-butanol and water is considered. The figure shows the variation of the
ratio of the bubble growth constant of the mixture C1,m to that of water C1,H2O with the mass
fraction of n-butanol. It can be seen that the simulated results agree well with the theoretical and
experimental data.

2.3 Case setup

2.3.1 Two-miscible-component ethanol/water droplet

During droplet evaporation, volatile components evaporate faster due to their lower boiling
points. In the mixture of water and ethanol studied in this paper, ethanol is the volatile com-
ponent. This makes non-volatile components gradually accumulate on the droplet surface, and
a boundary layer of non-volatile components forms on the droplet surface (Shaw, 1990). The
boiling point within the layer is significantly higher than in the region near the centre of the
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(a) Comparison between simulated and theoret-
ical (Van Stralen, 1968a,b) bubble growth. The
initial bubble radius is 1.5 µm.

(b) Bubble growth constant (Van Stralen, 1968a,b).

FIG. 1: Validation.

droplet, which is the fundamental reason for the formation of a superheated lower boiling point
region within the droplet. Bubbles nucleate and grow in the superheated region, producing puff-
ing or droplet rupture under the impact of surface tension. Considering that the time scale of
the evaporation process is much larger than that of puffing (Shinjo et al., 2014), evaporation is
not simulated, and the distribution of components within the droplet is determined by the data
in literature (Shaw, 1990). The following simplifications were therefore made. The thickness
of the non-volatile component layer is set to be dc = 7%Dd. The mass fraction YH2O of the
non-volatile component (water) in the layer was set to be 1. The droplet diameter Dd was set to
be 30 µm, which is a typical size for sprayed droplets. Bubble nucleation is not simulated. The
initial diameter of the bubble (Db) was set to be 2.6 µm. Figure 2 shows a schematic diagram
of the initial conditions. The droplet and air temperatures were set to be Td, and the temperature
inside the bubble was the local boiling point. A 381×381 grid with a minimum size of 0.26 µm
was used (Shaw, 1990; Tanimoto and Shinjo, 2019). Grid convergence has been checked (see
Sec. 3.1.1). The key physical parameters are given in Table 2. The temperature Td 420 K for
Cases 1–5 is set up according to the boiling point of ethanol/water mixtures, which is within the
range of 398.93–425.55 K.

2.3.2 Three-component ethanol/water-in-dodecane emulsified droplet

Figure 3 and Table 3 show the setup of a three-component ethanol/water-in-dodecane emulsified
droplet. The corresponding mass fractions of water in the sub-droplet for Cases E3c-1, E3c-2,
E3c-3 and E3c-4 are YH2O = 14.8% (10 vol.%), 40.2% (30 vol.%), 61% (50 vol.%) and 78.5%
(70 vol.%), respectively. The prefix “E3c” indicates an emulsified three-component droplet. For
all cases, the superheating degree is set to 50 K. The ambient pressure is P = 2.0 bar. See
Table 4 for thermo-physical properties of the three components. The properties of a mixture of
ethanol and water are determined by the method descried in Sec. 2.3.1. Constant liquid properties
have been used due to the short time scale of microexplosion and limited temperature variation.
Since the timescale of microexplosion is far shorter than that of heat transfer inside the droplet,
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FIG. 2: Setup of the two-miscible-component
droplet, nucleation bubble and non-volatile
component layer.

Case 2a/Dd Td (K)
1 0.596 420
2 0.632 420
3 0.667 420
4 0.702 420
5 0.737 420
6 0.737 415
7 0.737 412.5
8 0.737 411
9 0.737 410

TABLE 2: Droplet and bubble parameters.
Dd = 30 µm; Db = 2.6 µm; dc = 7%Dd

(see Fig. 2).

FIG. 3: Setup of the three-component emulsi-
fied droplet: A sub-droplet with two miscible
components, i.e. ethanol and water, is embed-
ded in the parent dodecane droplet. A nucleation
bubble is away from the sub-droplet centre by
Rb.

Case ϕH2O

E3c-1 10%
E3c-2 30%
E3c-3 50%
E3c-4 70%

TABLE 3: Case setup. ϕH2O: water vol-
ume fraction of the ethanol/water sub-
droplet. Dd = 30 µm; Db = 2.6 µm;
a = 6%Dd (see Fig. 3).

temperature variation of the ethanol/water sub-droplet is confined in a thin layer at the sub-
droplet surface, and the variation can be neglected. For other parts of the droplet, the temperature
stays at the initial temperature, and therefore the viscosities remains unchanged. In addition, even
at the gas-liquid interface layer, temperature change is limited. Therefore, the microexplosion
dynamics is not affected significantly by the variation of liquid properties (e.g. viscosities). For
gas phases, the physical properties are determined by NIST databases. The initial velocity is 0
everywhere. Since the evaporation timescale of dodecane C12H26 is far longer than that of the
microexplosion, the effects of dodecane evaporation on puffing and fuel/air mixing under puffing
are secondary and therefore neglected. According to Lasheas et al. (1985), a vapour bubble forms
due to nucleation. The size of the initial nucleation bubble (< 0.01 µm) is small compared to that
of the ethanol/water sub-droplet. In addition, due to surface tension, the internal vapour pressure
is high (∼ 100 atm). It is known that the first stage in which the growth of a nucleation bubble
towards a small bubble is governed by inertia, and the timescale is short (∼ 0.1 µm). The high
pressure inside the bubble decreases rapidly with the growth of the bubble. The bubble growth
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in the next stage is controlled by isobaric diffusion. Resolving the first stage is not attempted
in this study due to the requirement for resolution in space and time. The simulations in this
study all start with a bubble whose initial size is set to be 0.087Dd. The impact of the size of
the initial bubble on puffing has been checked. If a bigger initial bubble is used, the puffing
dynamics is similar, and the earlier growth of the bubble will be excluded. In order to include
sufficient details on bubble growth and a more complete process of droplet puffing, this initial
droplet diameter is chosen.

TABLE 4: Thermo-physical properties of the three components of the ethanol/water-in-
dodecane emulsified droplet. hC12H26 is irrelevant since dodecane evaporation is neglected.

H2O C2H5OH C12H26

Density ρ (kg·m−3) 944.7 602.8 626.8
Latent heat h (kJ·kg−1) 2,256 850.51 -
Thermal conductivity λ (W·m−1·K−1) 0.68 0.16 0.1
Surface tension coefficient σ (×10−3 N·m−1) 47.5 9.9 10
Heat capacity c (kJ·kg−1·K−1) 4.2 3.35 3.2

3. RESULTS AND DISCUSSION

3.1 Puffing of a two-miscible-component ethanol/water droplet

3.1.1 Grid independency

Three grids, 165×165, 381×381 and 757×757, were tested. The relationship between vapour
area metrics and grid resolution of Case 5 was calculated. The vapour area is defined as the
area of gas with less than 1% oxygen in mass fraction, which can quantitatively reflect the
process from bubble growth to breakage, after which oxygen starts mixing with the boiled vapour
through diffusion, causing S to decrease. As shown in Fig. 4(a), the two different grids 381×381
and 757×757 produce similar results, while the 165×165 grid shows unacceptable deviations
from the finer-grid results. Therefore, 381×381 was chosen, as in Shinjo et al. (2014); Tanimoto
and Shinjo (2019).

3.1.2 Puffing dynamics

The simulated puffing dynamics of Case 5 is shown in Fig. 5. Firstly, the bubble rapidly grows
and violently pushes the liquid near the bubble to move away from the centre. Under this impact,
the surrounding liquid is deformed, and the bubble expands toward the thinnest part of the liquid
around the bubble surface, as shown in Fig. 5(a). The bubble then breaks through by overcoming
surface tension in the thin liquid film to eject a satellite-droplet and boiled vapour in Fig. 5(b).
At the same time, the liquid indicated by the arrows at the upper and lower parts of the bubble
surface continues to expand under the impact of the inertia and boiled vapour. In Fig. 5(c), the
liquid on the top and bottom parts is incorporated into the droplet body and drives the local
liquid to leave. Protrusion formed on the right side of the main droplet by recoil, as shown in
Fig. 5(d), 5(e) and 5(f).
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(a) Case 5 in Tab. 2: vapour area S. (b) Case E3c-4 in Tab. 3: x-coordinate of centre
of mass.

FIG. 4: Grid independency check.

(a) 1.33 µs (b) 2.66 µs (c) 3.99 µs

(d) 5.32 µs (e) 6.65 µs (f) 7.89 µs

FIG. 5: Puffing of Case 5.

Comparing Fig. 5 with the localised puffing observed by high-speed camera (Miglani and
Basu, 2015), many similar features can be found, including the outward motion of the liquid
on both sides after the bubble rupture and the eventual integration into the droplet body. The
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generation of a satellite-droplet and the final droplet bulge were also experimentally observed.
Similar to Miglani and Basu (2015), puffing also occurs in three stages: bubble growth, cavity
expansion and recoil projection.

The initial droplet diameter in the simulation is 30 µm, which is much smaller than the
experimental 2 mm. The experimental microexplosion time scales are < 1 ms for all cases.
The simulation shows the microexplosion timescale is < 10 µs. The ratios of the timescale and
droplet diameter between the simulation and measurement (100 vs 67.7) are on the same order
of magnitude, which may suggest a scaling law can be obtained for droplet microexplosion.

3.1.3 Puffing-enhanced fuel/air mixing

The mass fraction distribution of the gas components after the puffing is shown in Fig. 6. Overall,
the boiled vapour generated by puffing was deflected by the satellite-droplet during the outward
ejection. Closer to the boiling interface, the higher YC2H5OH and YH2O, the lower YO2 . At x =
0.4Dd, the mass fractions of the three components are nearly equal, showing effective mixing.
YC2H5OH in the ejected vapour was much higher than YH2O near the boiling surface. This is
due to the phase equilibrium of the two-component liquid. The lower-boiling-point ethanol is
released from inside the droplet by puffing, benefiting the ignition and combustion.

(a) YC2H5OH (b) YH2O (c) YO2
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FIG. 6: Mass fraction distributions of Case 5 at 6.65 µs.

The morphological changes of the droplet during the puffing include the formation of the
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satellite-droplet, allowing the boiling surface to be in full contact with air, which will pro-
mote vapour/air mixing, as similarly observed in emulsion droplet puffing (Tanimoto and Shinjo,
2019). In order to measure the mixing of vapour/air, the scalar dissipation rate (SDR) χ is used
(Shinjo et al., 2016a): χ = 2D|∇Yi|2. The SDR distribution of O2 is shown in Fig. 7. Strong
mixing occurs in the two gap regions between the satellite and parent droplets at 3.325 µs after
bubble rupture. The change in droplet morphology brings the boiling surface into closer contact
with air, which results in the highest SDR at these locations, such as near the satellite-droplet and
on the upper and lower sides of the boiling surface of the main droplet. As the puffing proceeds,
vapour diffuses into a larger area at 5.985 µs. The SDR at the vapour/air interface is significantly
reduced, while the SDR near the boiling surface still remains at high magnitudes (> 52,000 s−1).

(a) 0.133 µs (b) 3.325 µs (c) 5.985 µs

FIG. 7: SDR (s−1) distribution of O2 of Case 5.

3.1.4 Breakage time (puffing delay) and satellite-droplet characteristics

It is of great interest to study the effects of the bubble location on puffing, which not only
facilitates a better understanding of the puffing dynamics, but also sheds light on a possible
way to control and exploit the puffing phenomenon to improve atomisation. Due to the presence
of dissolved gases or impurities in actual spray droplets, the degree of superheating for bubble
nucleation is difficult to predict (Zeng and Lee, 2007). Therefore, the effect of the initial droplet
temperature on puffing has also been studied.

Puffing has great potential for secondary atomisation by generating satellite droplets in much
reduced diameters quickly. The variations of the bubble breakage time and the diameter of the
generated satellite-droplet (Ds) with the initial position (a) of the bubble and droplet temperature
(Td) are shown in Fig. 8. The further the initial position of the bubble is away from the droplet
surface, the longer it takes for puffing to occur and the more adjacent liquid it pushes, thus
tending to produce lager satellite droplets. As Td decreases, the bubble breakage time shows
an exponential increase. Decreasing Td also has a significant effect on droplet fragmentation
pattern. When Td drops to 412.5 K, satellite droplets are no longer generated. Note the satellite
droplet size Ds is similar between 415 and 420 K but not identical, with the equivalent diameter
being 1.912 and 1.903 µm, respectively. Comparing Fig. 8(a) and 8(b), it is clear that the nucle-
ation bubble depth “a” has a bigger impact on Ds than Td. For the two cases with different Td’s
but an identical nucleation-bubble depth “a”, since the growing vapour bubble pushes a liquid
“wall” with an identical thickness, which can be quantified by “a”, the resultant sub-droplets are
on similar size.
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(a) Case 1 → 5: a ↗⇐⇒ nucleation → droplet sur-
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FIG. 8: Bubble breakage time (puffing delay) and satellite-droplet size (Ds).

To better understand the change of the shape of the generated satellite-droplet, a shape fac-
tor ∆ymax/∆xmax of the satellite-droplets is determined by ∆ymax/∆xmax = [max(y) −
min(y)]/[max(x) − min(x)] , where the coordinate (x, y) is taken from within the satellite
droplet, i.e. (x, y) ∈ Ssatellite−droplet. Figure 9 shows that ∆ymax/∆xmax reaches 2.5-3.0 at
the time of satellite-droplet generation, showing a clear film structure along the direction per-
pendicular to the bubble push. After the satellite-droplet is separated from the parent, it rapidly
recovers to a circular spherical shape under its own surface tension. ∆ymax/∆xmax therefore
also shows a gradual decrease and drops to 1.25 at 8 µs, which is already close to 1.0 for a circle.
∆ymax/∆xmax oscillates and the oscillation decays with time. It was caused by the rotation of
the satellite-droplet after the detachment. The droplet rotation is mainly due to the unbalanced
pulling of the adjacent liquid during the generation of the satellite-droplet. The recovery of the
shape of the satellite-droplet and its rotation were also observed in experiments (Miglani and
Basu, 2015).

FIG. 9: Satellite-droplet shape variation.
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3.1.5 Surface area and boiling mass transfer rate

In addition to generating satellite-droplets to accelerate atomisation, puffing also helps to in-
crease the rate of evaporation through boiling, thereby providing more quickly combustible fuel
vapour for burning.

The time histories of the boiling, remaining and total surface areas are shown in Fig. 10(a)
and 10(c), where the boiling area + the remaining area = the total area. They were all non-
dimensionalised by the initial remaining area (S0). Since evaporation is much slower than boiling
and its effect on the droplet breaking process is minimal, it is not considered. So, the remaining
area can also be considered as the evaporation area of a droplet in an actual spray. In Fig. 10(a)
and 10(c), all cases show a similar trend in boiling/remaining/total surface areas.
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FIG. 10: Time history of boiling/remaining/total surface areas and BMTR. From Case 1 to 5, the nucleation
bubble moves away from the droplet centre (a ↗); From Case 5 to 9, the system temperature decreases
(see Tab. 2).

For boiling surface area, it first undergoes a bubble growth stage and increases rapidly. Bub-
ble breakage is a turning point. The boiling area stays essentially the same once the bubble
is broken. By comparing cases 1-5, the further the initial position of the bubble is away from
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the droplet surface, the higher the final stable boiling area. The boiling area of Case 5 finally
stabilised at ∼ 0.47, which is as much as 1.96 times that of Case 1 (0.24).

For the remaining surface area, the variation is relatively small. The evaporation area grad-
ually increases from 1.0 to ∼ 1.1 before the bubble breaks. This is mainly due to the growing
bubble pushing adjacent liquid, causing the entire droplet to expand outward. After bubble break-
age, the remaining area began to diminish, which is solely responsible for the reduction of the
total surface area.

Comparing cases 5-9, the lower the droplet temperature, the slower the growth rate of the
boiling area before bubble breakage. However, due to the increase of the bubble breakage time,
the maximum boiling/remaining/total areas showed an increasing trend. Unlike cases 1-5, cases
6-9 showed a significant decrease in boiling area after bubble breakage.

The variation of the boiling mass transfer rate (BMTR) is shown in Fig. 10(b) and 10(d).
BMTR is non-dimensionalised by its initial value of Case 5 (BMTR0). Since the evaporative
transfer rate is low, BMTR can reflect the mass transfer of the droplet to the surrounding air
during puffing. The BMTRs of cases 1-5 all increase with time initially, followed by a decreasing
trend, as shown in Fig. 10(b). Similar to the boiling area, an increase in bubble depth (a in Fig. 2)
results in a higher BMTR. This is mainly due to the increase in boiling area. However, unlike
the boiling area, the BMTR shows a clear downward trend after bubble breakage. Although the
boiling area remains unchanged, the presence of the higher-boiling-point boundary layer and
the diffusion of temperature in the liquid reduces the temperature difference, which reduces
the mass transfer rate per unit boiling area. The drop in droplet temperature causes significant
decreases of BMTR during puffing, as shown in Fig. 10(d). The decrease in temperature not only
decreases the initial BMTR (t = 0) but also inhibits the rise in BMTR during bubble growth.
In addition, as the temperature decreases, the puffing experiences a longer time. This means that
the temperature diffusion time is longer and has a greater effect on the BMTR per unit area. It is
also detrimental to the BMTR.

3.2 Puffing of an emulsified three-component (ethanol/water in dodecane)
droplet

3.2.1 Grid independency

Two grids, i.e. 381×381 and 757×757, have been used to run Case E3c-4. The displacements of
the centre of mass (COM) of the sub- and parent droplets and their distance are given in Fig. 4(b).
The data have been normalised by the initial radiusRd0 = Dd0/2 of the parent dodecane droplet.
As shown, the two grids shown almost overlapping profiles for the three quantities. Therefore,
the 381× 381 grid has been used for all the cases listed in Tab. 3.

3.2.2 Puffing and after-puffing dynamics

The puffing and after-puffing of the three-component emulsified droplet of Case E3c-4, where
water:ethanol=7:3 in vol.% in the sub-droplet, is shown in Fig. 11. In the figure, solid lines
are used to indicate gas/liquid and liquid/liquid interfaces. For liquid phases, ethanol/water and
dodecane are coloured in red and orange, respectively. Contour plots are used to show the mass
fraction, YH2O, of water vapour.

As shown, the initial bubble grows rapidly due to boiling. Since the dodecane “film” on the
droplet periphery is thin, the film breaks up quickly. The boiled vapour is ejected and a satellite
droplet is generated. After the puffing, the boiling surface continues to produce water and ethanol
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(a) 0.1 µs (b) 0.3 µs (c) 0.5 µs (d) 4.0 µs

(e) 5.0 µs (f) 7.0 µs (g) 8.0 µs (h) 9.0 µs

FIG. 11: Puffing of Case E3c-4, where water:ethanol=7:3 in vol.% in the sub-droplet (coloured in red),
with two breakups.

vapour, keeping pushing the ethanol/water sub-droplet towards the inside of the parent dodecane
droplet. At the two intersections of the boiling surface and the (inert) interface between dodecane
and the gas phase, interfaces deform due to the Landau-Darrieus instability, causing the gradual
detachment of the ethanol/water sub-droplet from the parent dodecane droplet due to intense
boiling. The boiling surface also undergoes intense oscillation due to the simultaneous effects of
pulling and thrust due to the ejecting vapour after the puffing occurs. From Fig. 11, it can be seen
that the two effects compete fiercely, and the curvature of the boiling surface decreases initially,
which benefits the “invasion” of the ethanol/water sub-droplet towards the inside of the parent
dodecane droplet. The puffing vapour is with a high momentum, due to which the invasion of
the sub-droplet is fast. This also leads to the second rupture of the parent droplet on its other end,
also generating satellite droplets [see Fig. 11(g) and 11(h)].

For Case E3c-2, where the water volume fraction ϕH2O is decreased to 30% in the sub-
droplet, the puffing and after-puffing of the three-component emulsified droplet is shown in
Fig. 12. Compared to Case E3c-4, when the ejecting vapour contains more ethanol, the speed
of the satellite dodecane droplet decreases, as well as the invasion speed of the ethanol/water
sub-droplet. The weakening of both the pulling and thrust due to the ejecting vapour has led to
no further rupture of the parent dodecane droplet on its other end, which occurs in Case E3c-
4, as shown in Fig. 11. It is clear that puffing effects on the secondary breakup of the dodecane
droplet can be adjusted or “tuned ” via the compositions of ethanol and water in the two-miscible-
component sub-droplet.

Overall, the edge regression and sub-droplet detachment are similar to what we have ob-
served before (Shinjo et al., 2014). It is known that the mass flux on a boiling surface will induce
the Landau-Darrieus instability, increasing the oscillation of the boiling surface, leading to high
vorticity which further boosts the development of the instability, even if the liquid motion is
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(a) 0.3 µs (b) 1.0 µs (c) 2.0 µs (d) 4.0 µs

(e) 6.0 µs (f) 7.0 µs (g) 8.0 µs (h) 9.0 µs

FIG. 12: Puffing of Case E3c-2, where water:ethanol=3:7 in vol.% in the sub-droplet (coloured in red),
with one breakup up to 9 µs.

irrotational. Especially in narrow flow paths formed during and after the puffing, high vorticity
regions will be seen. Comparing Case E3c-2 (ϕC2H5OH = 70%) with E3c-4 (ϕC2H5OH = 30%),
more ethanol vapour is produced in the former case. However, the mass flux of the boiled vapour
is lower, leading to the weakening of the vorticity magnitudes when the puffing occurs as com-
pared to Case E3c-4 (not shown). On the other hand, effects of a slower boiling evaporation
on vorticity magnitudes are not significant at later times (not shown). Although a lower mass
flux of the boiler vapour will weaken the development of the Landau-Darrieus instability, which
does not benefit the detachment of the sub-droplet from the parent one, it will also suppress the
puffing vapour’s thrust effects on the sub-droplet, leading to a slower invasion of the sub-droplet
towards the inside of the parent and thus benefiting the development of the Landau-Darrieus
instability. Overall, the ethanol/water sub-droplet is detached from the parent dodecane droplet
before the second breakup occurs in Case E3c-2, as shown in Fig. 12.

3.2.3 Ethanol/water sub-droplet “invasion”

In order to measure the impact of the volume fraction of water ϕH2O in the sub-droplet on
puffing-induced breakup of the dodecane droplet, the x-coordinates of the centre of mass of
the sub- and parent droplets are given in Fig. 13. In Fig. 13(a), the left and right ordinates
are the x-coordinates of the ethanol/water sub-droplet xs and the dodecane parent droplet xd,
respectively, both normalised by the initial radius Rd0 of the dodecane droplet. It can be seen
that both the sub- and parent droplets move towards the left due to the thrust on the sub-droplet
and subsequently the invasive pushing of the sub-droplet on the parent droplet. The sub-droplet
moves much faster than the parent, indicating a continuous “invasion” of the sub-droplet inwards.
With an increase of the volume fraction ϕH2O of water in the sub-droplet, xd does not vary
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significantly. For all cases, the displacement of xd is ∼ 0.6Rd0 at t = 8 µs. On the other hand,
the displacement of xs is affected more significantly asϕH2O increases. At t = 8 µs, xs increases
from 1.1Rd0 to 2.62Rd0 as ϕH2O increases from 10% to 70%, demonstrating the average speed
of the sub-droplet COM increases by 138.2%. To better compare the invasion among cases, the
relative displacement of the two COMs xd − xs is shown in Fig. 13(b). It can be seen that as
ϕH2O increases from 10% to 70%, xd − xs increases from 0.50Rd0 to 1.94Rd0, indicating the
average invasion speed increases by 288%. Therefore, an increase of the volume fraction of
water in the sub-droplet can enhance the capability of the sub-droplet’s inward invasion, and
thus the capability of further rupturing the parent dodecane droplet after the first puffing, as the
comparison between Figs. 11 and 12 has already revealed.

(a) x-coordinates of centre of mass of sub- (xs) and
parent (xd) droplets

(b) Distance between COMs of sub- and parent
droplets

FIG. 13: Impact of water volume fraction ϕH2O in sub-droplet on its inward invasion.

In addition, the invasion mode changes with ϕH2O. At ϕH2O = 10%, the relative displace-
ment xd − xs shows a three-stage, increasing-stabilising-increasing, profile; While at ϕH2O =
30% and 50%, xd − xs steadily increases; And at ϕH2O = 70%, xd − xs increases elliptically,
indicating the invasion of the sub-droplet is accelerating due to the stronger thrust produced by
boiled vapour, as shown in Fig. 11. As a lower ϕH2O, a slower edge detachment of the inert
gas/dodecane interface from the boiling gas/ethanol-water interface due to the Landau-Darrieus
instability slows the sub-droplet invasion, transforming the invasion speed from a steadily grow-
ing mode to a three-stage increasing one.

3.2.4 Puffing statistics

The size of the secondary, satellite droplet produced by puffing is determined by the charac-
teristics of the nucleation bubble, also affecting the puffing delay time. Figure 14 shows the
variations of the puffing delay τpuff and the (equivalent) diameter Dsate of the satellite droplet
with the water volume fraction ϕH2O in the sub-droplet. As ϕH2O increases, the bubble grows
more rapidly, the ejecting momentum increases, and the puffing delay decreases. τpuff is 0.7,
0.48, 0.43 and 0.4 µs at ϕH2O = 10%, 30%, 50% and 70%, respectively. Compared to ϕH2O =
10%, the puffing delay at ϕH2O = 70% is shortened by close to half. In addition, with a higher
puffing momentum and thus a stronger “pushing” leading to the breakup of the dodecane film on
the parent-droplet periphery, the size of the satellite droplet decreases. Dsate = 2.90, 2.88, 2.68
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and 2.48 µm at ϕH2O = 10%, 30%, 50% and 70%, respectively. Compared to ϕH2O = 10%, the
size of the satellite droplet produced by the puffing decreases by 14.48%.

(a) Puffing delay time (b) Satellite droplet size

FIG. 14: Impact of water volume fraction ϕH2O in sub-droplet on puffing delay τpuff and satellite-droplet
size Dsate.

After the puffing, a large portion of the ethanol/water sub-droplet is still attached to the
parent dodecane droplet. The continuous boiled vapour ejection produces a thrust, partly deter-
mining the after-puffing dynamics. In this stage, the boiling surface area shows an increasing
trend together with oscillation, on which the composition of the sub-droplet has a determining
role. Figure 15(a) shows the boiling surface area Sb of the sub-droplet, normalised by the initial
surface area Sd0 of the parent droplet. It can be seen that at ϕH2O = 30% and 50%, Sb shows a
three-stage step-increasing trend, i.e., initially an increasing profile before ∼1.8 µs, followed by
a decreasing trend in 1.8 − 3.4 µs and finally increasing again after 3.4 µs, indicating the three
stages of edge regression, remerging of the boiling ethanol/water and inert dodecane surfaces
by shape oscillation and edge regression. At ϕH2O = 10% and 70%, Sb shows a different trend.
At ϕH2O = 10%, Sb reaches a much smaller magnitude < 0.15, compared to the other cases in
which Sb ≈ 0.2, stabilises in a much shorter period 1.8 – 2.1 µs, and then increases with oscilla-
tions. Therefore, the competing thrust exerted by the puffing vapour on the sub-droplet and edge
regression due to the combining Landau-Darrieus/Reyleigh-Taylor instabilities are comparable.
AtϕH2O = 70%, Sb shows a similar profile toϕH2O = 30% and 50% before 3.4 µs, but increases
until 5.2 µs, then decreases until 7.1 µs, and finally increases again. The decrease of Sb during
5.2 and 7.1 µs implies that the remerging of the boiling and inert surfaces dominates again.

To quantify the detachment of the sub-droplet from the parent droplet, the ratio of the boil-
ing surface area Sb to the total surface area Ss of the sub-droplet is shown in Fig. 15(c). The
ethanol/water sub-droplet is completely detached from the parent droplet if Sb/Ss = 1. The
profiles of Sb/Ss in Fig. 15(c) appear similar to those of Sb/Sd0 in Fig. 15(a), implying the total
surface area Ss of the sub-droplet does not vary significantly. At 8 µs, Sb/Ss approaches 1 for
ϕH2O = 10%, 30% and 50%. When the water volume fraction ϕH2O of the sub-droplet is 70%,
only half of the sub-droplet is detached from the parent droplet, i.e., Sb/Ss ≈ 0.55, at 8 µs.

The profiles of the inert parent-dodecane-droplet surface area Sd, normalised by its initial
value Sd0, are shown in Fig. 15(b). It can be seen that the droplet shape varies significantly due
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(a) Boiling sub-droplet surface area Sb (b) Inert parent-droplet surface area Sd

(c) Percentage of boiling surface area in sub-droplet (d) Maximum oscillation magnitude of sub-droplet

FIG. 15: Impact of water volume fraction ϕH2O in sub-droplet on sub- and parent droplet statistics.

to the puffing, leading to a rapid increase of the inert-surface area. All cases show a similar
increasing trend.

In order to better understand the effects of the oscillating deformation of the sub-droplet on
the puffing, the maximal oscillation magnitude A, normalised by the radius of the sub-droplet,
is shown in Fig. 15(d). A is obtained by A = maxi |Ri −Rs|, where Ri is the distance between
the i-th identified point on the boiling surface and the centre of mass of the sub-droplet, and Rs

is the equivalent radius of the sub-droplet. It can be seen that the maximal oscillation A rapidly
grows in the initial 0 − 0.5 µs, mainly due to the rapid growth of the bubble and then puffing.
Afterwards A drops quickly towards 0 at 1 µs. At this time the shape of the sub-droplet is close
to a circle [see Fig. 12(b) for instance]. Due to the competing pulling and thrust, the sub-droplet
will be stretched and deformed mainly in horizontal directions, leading to an increasing A pro-
file of the sub-droplet in 1.0 − 1.8 µs. The sub-droplet shape oscillation is beneficial for the
detachment of the sub-droplet from the parent, which is indicated by the continuous increases
of the boiling sub-droplet surface area Sb in Fig. 15(a) and its percentage Sb/Ss in the whole
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sub-droplet in Fig. 15(c) in the same time period. Therefore, although the maximal oscillation
magnitude A is increasing in this period, the edge regression still dominates, as prior to 1.0
µs. After ∼1.8 µs, vertical oscillations take place instead. This shape deformation mode is not
beneficial to the detachment of the sub-droplet from the parent droplet. Therefore, the boiling
surface of the sub-droplet and the inert surface of the dodecane droplet will remerge. As shown
in Fig. 15(a) and 15(b), both Sb and Sd show a decreasing trend until 3.4 µs. Afterwards for
cases where ϕH2O = 10%, 30% and 50%, the boiling surface area Sb of the sub-droplet contin-
ues to increase, entering the edge regression stage again. For ϕH2O = 70%, Sb decreases first
after t ≈ 5 µs and then increases again from ∼ 7 µs. Seen from the maximal oscillation magni-
tude A, the shape of the sub-droplet does not recover to close to a circle. This is mainly due to
the stronger impact of the thrust after the puffing. The sub-droplet is continued to be stretched
in vertical directions and the shape cannot recover, which blocks edge regression, and delays the
detachment of the sub-droplet from the parent droplet. Therefore, at t = 8 µs, the percentage
of the boiling surface area of the sub-droplet Sb/Ss, as shown in Fig. 15(c), is ∼ 55% only,
which is far below the values atϕ = 10%, 30% and 50%. This indicates an increase of the water
volume fraction ϕH2O in the sub-droplet leads to a stronger puffing and thrust. The sub-droplet
will be kept to be pushed inwards, stay far from circular shape and attach firmly itself to the con-
cave parent-droplet surface. These after-puffing dynamics inhibit edge regression between the
sub- and parent droplets, keeping the “pushing” of the sub-droplet on the parent droplet strong,
leading to possible further ruptures of the parent dodecane droplet. Meanwhile, a decrease of
ϕH2O leads to the decrease of surface tension of the sub-droplet. Therefore, although the thrust
due to puffing decreases with the water volume fraction ϕH2O, the oscillation magnitude of the
sub-droplet tends to increase with the decrease of ϕH2O. It can be seen that A/Rs ≈ 0.29 for
ϕH2O = 10%, which is far higher than 0.185 for ϕH2O = 70% for the first puffing.

4. CONCLUSIONS

The code MEX (Shinjo et al., 2014) has been further developed to study the puffing of a mul-
ticomponent, either miscible or immiscible (emulsified), droplet using high-fidelity interface
capturing simulations. Validation against theoretical analysis on bubble growth, quantified using
bubble radius and bubble growth rate, in a liquid pool was achieved. Grid independent results
have been obtained in the present study.

For the two-miscible-component droplet where ethanol : water = 1 : 1 in wt.%, the effects
of the initial bubble position and the initial droplet temperature on puffing were evaluated. The
puffing dynamics of the droplet and fuel/air mixing enhancement by puffing were analysed. The
simulated puffing dynamics of the ethanol/water droplet fully supports experimental observa-
tions, which confirmed bubble growth, cavity expansion and recoil projection as the three key
stages during puffing. Satellite-droplets form during the cavity expansion stage. More accurately
predicted by a non-ideal multicomponent phase equilibrium model UNIFAC that takes into ac-
count liquid component activities, the ejected vapour contains much more ethanol than water,
which facilitates the transport of the volatile component inside the droplet to the ambient air.
The morphological changes of the droplet caused by puffing promote the contact of the boil-
ing surface with air, significantly increasing the local scalar dissipation rate and thus improving
fuel/air mixing. The bubble breakage time or puffing delay shows an exponential increase as the
initial droplet temperature decreases. The shape of the satellite droplet is far from a circle at the
time of bubble breakage and swiftly develops towards a circle due to surface tension. The shape
factor oscillates and the oscillation decays with time due to droplet rotation. With the same initial
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droplet temperature, the boiling surface area maintains after bubble breakage, regardless of the
initial bubble location. On the other hand, the boiling surface area significantly decreases after
bubble breakage with the decrease of the initial droplet temperature. The boiling mass trans-
fer rate shows a clear downward trend after bubble breakage, due to the higher-boiling-point
boundary layer and heat transfer in the liquid phase.

For the three-component emulsified, ethanol/water in dodecane, droplet, where favourable
conditions for puffing and microexplosion should be easier to identify compared to a multi-
miscible-component droplet in general, the water volume fraction ϕH2O in the sub-droplet has
been chosen to be the key parameter to study. As ϕH2O increases, a more disruptive impact on
the parent dodecane droplet was seen, which is due to the fact that the nucleation bubble grows
faster at a higher ϕH2O, leading to the subsequent stronger thrust on the sub-droplet due to the
puffing vapour. The strong thrust suppresses the interaction between the Reyleigh-Taylor and
Landau-Darrieus instabilities at the intersections of the boiling sub-droplet and inert dodecane
parent-droplet surfaces, and accelerates the inward invasion of the sub-droplet, which may result
in a second breakup of the parent dodecane droplet, as the water volume fraction in the sub-
droplet increases to 70%. Meanwhile, the surface tension of the sub-droplet decreases as ϕH2O

decreases. Although with a weaker thrust, the oscillation of the sub-droplet is stronger.
Both the puffing delay and satellite droplet size decreases with an increase of ϕH2O. The

statistics on sub-/parent-droplet surface areas and sub-droplet shape oscillation further demon-
strate the characteristics of the puffing and after-puffing sub-droplet-invasion dynamics, which
is determined by the competition between edge regression and remerging of the boiling and
inert surfaces due to sub-droplet shape oscillation. In general, edge regression and surface re-
merging occurs in turn until the former plays a dominant role in the sub-droplet dynamics. At
ϕH2O = 70% which is the highest water volume fraction studied in this paper, the fast invasion
of the sub-droplet keeps the exposed boiling surface area small with multiple remergings. This
also leads to a second rupture of the parent dodecane droplet, whereas for the other cases where
ϕH2O is lower, the sub-droplet already detaches itself from the parent.
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