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ABSTRACT

This study investigates evaporation behavior, puffing, and micro-explosion in droplets of pure diesel, oxymethylene ether (OME1), and die-
sel/OME1 blends (20%–90% OME1 by volume) using high-speed backlighting imaging. While the 50% OME1 blend exhibits micro-
explosions, the 60% and 70% blends show only puffing, and higher or lower OME1 fractions primarily undergo smooth evaporation. The
findings indicate that increasing the OME1 concentration accelerates droplet evaporation. Moreover, the evaporation process exhibits univer-
sal behavior when droplet lifetimes are scaled by the characteristic evaporation time scale and the binary mixtures show a behavior similar to
a homogenous single-component fuel. A modified D2-law has been proposed to account for binary mixture composition. Morphological
observations reveal two dominant pathways: strong micro-explosions, which lead to explosive disintegration and rapid ligament growth,
while weak micro-explosions involve mild puffing, and smooth ligament formation culminating in larger droplets. We further analyze this
ligament evolution through a breakup regime map, constructed using non-dimensionalized ligament neck diameter, gamma distribution
shape parameter, and ligament aspect ratio. Results show a strong correlation between these parameters, indicating a statistical transition in
ligament-to-droplet fragmentation modes. An analysis of the dominated time scales shows that strong micro-explosions occur in an inertial-
dominated regime, where the ligament stretching time is relatively much shorter than the capillary time scale, while weak micro-explosions
occur at relatively higher time scale ratios, suggesting capillary-dominated breakup. The drop size distribution, driven by inertial-dominated
regime, is well described by a gamma distribution. These findings enhance our understanding of multicomponent droplet atomization and its
relevance to spray-driven combustion.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0290337

NOMENCLATURE

Latin symbols

a Empirical constant
A Instantaneous projected droplet area (mm2)
A0 Initial projected droplet area (mm2)
b Exponent or slope
D Instantaneous droplet diameter (lm)
D0 Droplet initial diameter (lm)
Db Blob circle diameter (lm)
Dd Secondary droplet diameter (lm)
Dl Ligament diameter (lm)
K Evaporation rate constant
Ll Ligament length (lm)

n Gamma distribution shape parameter
C Ligament aspect ratio

Greek symbols

a Thermal diffusivity (m2/s)
el Ligament neck thickness (lm)
l Dynamic viscosity (Pa s)
q Liquid density (kg/m3)
r Surface tension (N/m)
s Droplet lifetime (s)
sb Breakup time scale (s)
sc Capillary time scale (s)
se Characteristic evaporation time scale (s)
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ss Ligament stretching time scale (s)
v OME1 volume fraction in blend

I. INTRODUCTION

Fossil fuels are widely used in heavy-duty compression ignition
(CI) engines, and they are known for their higher thermal efficiency
but suffer from emissions challenges, particularly particulate matter
(PM) and NOx emissions.1–3 The global initiative toward cleaner and
more efficient combustion technologies has led to increased research
into alternative fuels that can reduce emissions and improve combus-
tion performance.4–6 Oxymethylene ethers (OMEs) are a promising
class of synthetic fuels and a family of compounds that can be synthe-
sized from biomass. Their high oxygen content offers significant
potential to improve engine performance, reduce emissions, and
enhance combustion efficiency when blended with diesel fuel.4–8

The atomization characteristics of liquid fuel play a critical role in
determining the combustion and emission performance of internal
combustion engines. A key phenomenon that enhances the breakup
and vaporization of fuel droplets is the occurrence of micro-explosion
and puffing. These processes arise from the rapid vaporization of
lower-boiling-point components within a droplet due to localized heat-
ing, leading either to violent fragmentation (micro-explosion) or to the
mild ejection of ligaments and small secondary droplets (puffing)
caused by vapor bubble growth and rupture inside the parent drop-
let.9–11 The micro-explosion causes the parent droplet to fragment into
smaller child droplets, enhancing atomization and promoting faster
fuel–air mixing, significantly improving the combustion efficiency.12–
14 This phenomenon is particularly prevalent in fuel blends with wider
range of boiling fractions, as these higher volatile fractions evaporate
more quickly and are more susceptible to rapid internal pressure
build-up. Unlike micro-explosion, which causes violent fragmentation
and ligament formation, puffing is characterized by less energetic
events and the ejection of relatively few smaller daughter droplets.
Several studies have explored the events of micro-explosion and puff-
ing in multicomponent fuel blends.11,15,16

Water-in-diesel emulsions have been extensively analyzed due to
their promise in reducing NOx and particulate emissions. Researchers
have reported that the presence of water leads to secondary atomiza-
tion through micro-explosion, thereby improving fuel–air mixing and
combustion efficiency.17–22 In particular, Melo-Espinosa et al.18 inves-
tigated emulsified fuels with varying percentages of water and surfac-
tant ratios, to explore the surfactant concentrations on the emulsion
stability, emulsion droplet size, the occurrence of puffing and micro-
explosion. Puffing was observed across all emulsions, but full
micro-explosions occurred only in those emulsion droplets without
surfactants. In parallel, Ismael et al.19 studied the effect of varying
injection pressure on emulsion sprays and showed that at higher pres-
sures dispersed water content reduced due to evaporation, this delayed
puffing and suppression of micro-explosion. Puffing was observed pri-
marily in droplets larger than 50lm, and the likelihood of micro-
explosion was linked more to internal droplet structure than global
structure of spray size. Antonov et al.20 found that micro-explosion
dominated the breakup of non-mixed water/fuel droplets at tempera-
tures �850 �C, while premixed droplets required >1000 �C. Higher
temperatures and smaller droplet sizes reduced ignition delay, with
composite droplets igniting faster than pure fuels, indicating micro-
explosions may aid early ignition under engine conditions. Fedorenko

et al.21 extended this understanding through combined experimental
and numerical analysis of composite fuel–water droplets using diesel,
kerosene, and rapeseed oil. Their study confirmed that onset times for
the puffing/micro-explosion decreased with higher ambient tempera-
tures and smaller droplet sizes. While model predictions closely
matched experimental results for diesel and kerosene, the onset time
for rapeseed oil was overestimated due to its higher viscosity, which
affected nucleation and bubble growth rate. Wang et al.22 provided fur-
ther details on how ambient temperature impacts the internal dynam-
ics of water-diesel emulsion droplets, identified shift in bubble
nucleation sites from the droplet center to surface and complex transi-
tions under micro-explosion conditions. Together, these studies dem-
onstrate that micro-explosion behavior in the water-in-fuel emulsion
is governed by a complex interplay of composition, injection dynamics,
and thermal conditions which are critical considerations for the devel-
opment of alternative fuel strategies for an efficient combustion.

Similarly, studies on the blends of alcohol–diesel and alcohol–
biodiesel highlight how the difference in volatility and blend composi-
tion critically influence micro-explosion and puffing behavior.
Avulapati et al.9 found that ternary diesel–biodiesel–ethanol blends
exhibit micro-explosions when ethanol content ranges from 10% to
40%, while binary blends of biodiesel and ethanol showed only puffing.
Avulapati et al.15 further observed two distinct micro-explosion modes
in these ternary blends at 500 �C, influenced by droplet phase separa-
tion and internal nuclei distribution, with secondary droplets undergo-
ing similar disruptive behavior. Rao et al.23 demonstrated that butanol/
Jet A-1 and acetone–butanol–ethanol (ABE)/Jet A-1 blends show puff-
ing at 30% alcohol content and micro-explosions at higher concentra-
tions. The ABE blends had higher micro-explosion probability than
butanol blends, suggesting enhanced atomization and combustion effi-
ciency. In a complementary study, Rao et al.24 revealed that bubble
rupture depth and ligament morphology in a fuel droplet blend of
ABE are shaped by the proportion of volatile alcohol content. Ethanol
blends exhibited more irregular vapor–liquid interface instabilities
compared to butanol blends, enhancing breakup and atomization.
Huang et al.25 investigated biodiesel/n-propanol droplets, showing that
micro-explosion intensity increases with both temperature and opti-
mized n-propanol content. A 1:1 biodiesel–n-propanol ratio at 673–
773K yielded maximum disruption and evaporation. Their findings
also emphasized the role of oil membrane formation, and superheating
of low-boiling components that initiated micro-explosions. Across
these studies, common observations include the occurrence of second-
ary micro-explosions and strong dependencies on droplet composition
and ambient temperature. The potential of alcohol blends to enhance
atomization and combustion efficiency arises from their ability to pro-
mote rapid, disruptive, and dispersed burning, which improves air uti-
lization and leads to shorter combustion durations.

Engine investigations have highlighted the strong potential of
OME/diesel blends as alternative fuels. Lumpp et al.26 showed that
OMEs can reduce soot emissions by up to 60% while maintaining
NOx levels, while H€artl et al.27 demonstrated that OME1 blends are
effective even under high exhaust gas recirculation (EGR) rates. Pastor
et al.28 further reported reduced soot formation with higher-chain
OMEs, and Saupe and Atzler29 noted that the high oxygen content of
OMEs suppresses soot precursors, particularly under cold-start condi-
tions. More recently, P�elerin et al.7 confirmed that OME3–6 blends
significantly lower particulate emissions while improving ignition
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quality. Collectively, these studies establish OMEs as a promising drop
in fuel with practical emission benefits, but they also highlight the need
to understand the underlying droplet-scale dynamics that govern evap-
oration and atomization.

However, the specific mechanisms governing micro-explosion and
puffing in OME–diesel blends, especially how OME concentration influ-
ences internal bubble dynamics, breakup modes, and ignition character-
istics are yet to be fully elucidated. A deeper understanding of these
behaviors in diesel–OME blends is essential as OME is considered as
drop-in fuel for many practical applications. By examining the influence
of OME concentration, this study seeks to address a critical knowledge
gap and contribute to the understanding of OME–diesel fuel formula-
tions for next-generation combustion systems. Also, understanding the
ligament breakup dynamics in OME–diesel droplets is essential, as it
directly governs the secondary atomization processes, influencing drop-
let size distribution, evaporation rates, and ultimately the combustion
performance of these alternative fuel blends. This work advances the
fundamental understanding of evaporation and ligament breakup
dynamics triggered by micro-explosions, emphasizing the relationship
between ligament aspect ratio and fragmentation behavior in multicom-
ponent OME1/diesel droplets. Additionally, the resulting secondary
droplet size distribution is quantitatively described using a gamma distri-
bution shaped by ligament-mediated breakup processes.

II. EXPERIMENTAL SETUP

The schematic of the experimental setup used for this study is
shown in Fig. 1. This setup enables detailed high-speed visualization of
droplet breakup dynamics facilitating a comprehensive understanding
of the physical processes governing the puffing and micro-explosion
behavior of OME1/diesel fuel blends. A continuous light source, posi-
tioned behind a diffuser sheet, provides uniform backlighting to
enhance the visibility of the droplet during imaging. The droplet is sus-
pended on the junction of a thermocouple wires having a thickness of
76lm using a Hamilton syringe of capacity 1.5ll and is positioned
using a traverse system at the center of a cylindrical furnace main-
tained at 500 �C (773K). The fuel droplet placed on the thermocouple
had an approximate diameter of 1.5mm. Owing to the thermocouple’s
diameter being less than one-tenth that of the droplet, its role in initiat-
ing micro-explosions or puffing phenomena is deemed negligible in

the context of the parent droplet’s behavior.9,15,30 The furnace is cov-
ered with a quartz windows, allowing optical access for high-speed
visualization without influencing the internal thermal environment.
The temperature within the furnace is precisely regulated using an
external temperature controller to ensure stable and repeatable thermal
conditions through the experiment.

Two distinct imaging settings were employed based on the phe-
nomenon of interest. To capture rapid events such as puffing and
micro-explosions, images were recorded using a high-speed camera
(Photron SA-X2) at a frame rate of 10 000 fps with an exposure time
of 10 ls; a set of ten trials was conducted. To monitor relatively slower
changes in the projected area of droplets during evaporation, imaging
was performed at 500 fps with an exposure time of 15 ls, with a set of
three trials conducted. The spatial resolution is 52.3lm per pixel. The
captured images were analyzed using the open-source image analysis
software, ImageJ.31 The binary fuel blends of diesel and OME1 were
prepared on a volume basis inside a fumehood cabinet at a room tem-
perature of 20 �C. For example, a 50/50 blend of diesel and OME1 was
prepared using 25ml of OME1 and 25ml of diesel. The compositions
of the various blends used in the current study are presented in Table
I. The naming convention indicates, for example, that OME20D80
consists of 20% OME1 and 80% diesel.

The physical properties such as density (q), viscosity (l), and sur-
face tension (r) of pure OME1 and diesel4,32,33 are presented in Table
II. Although the density and surface tension values of OME1 and diesel
are comparable, OME1 exhibits nearly a ninefold difference in boiling
point and viscosity compared to diesel. The physical property of the
blend was calculated using a linear, volume fraction-weighted average
of the component physical properties.

III. RESULTS AND DISCUSSION

The results are organized to capture the key physical phenomena
observed in the present study. Section IIIA presents the morphological
evolution of droplets undergoing evaporation, puffing and micro-
explosion, followed by a detailed analysis on evaporation and compari-
son between strong and weak micro-explosion behaviors based on
visual breakup features. Section IIIB examines the formation and frag-
mentation mechanisms of ligaments generated during micro-
explosions, highlighting the breakup pathways and their dependence

FIG. 1. Experimental setup for high-speed
visualization of a single droplet housing on
a thermocouple experiencing evaporation,
puffing, and micro-explosion inside a
furnace.
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on internal droplet structure. Finally, Sec. III C provides insights into
drop size distribution and analysis of secondary breakup, focusing on
the disintegration modes of the ejected fragments.

A. Droplet morphological features

Figure 2 presents the morphological behavior of droplets com-
posed of binary mixtures of OME1 and diesel (denoted by v, the frac-
tion of OME1) during thermal exposure. For pure diesel (v¼ 0.0) and
blends with increasing OME1 content up to v¼ 0.4, the droplets
exhibit simple evaporation without any disruptive phenomena.
However, at v¼ 0.5 (OME50D50), a distinct micro-explosion event is
observed, which is further classified into strong and weak events,
reflecting variations in intensity. The phenomenon of micro-explosion
is observed in earlier works too at nearly equi-volumetric blends.15,34

At the highest OME1 concentration (v¼ 1.0), pure OME1 again

shows simple evaporation which is expected due to lack of volatility
contrast. The current trend suggests that a critical balance in volatility
and miscibility at v¼ 0.5 favors micro-explosion.

The present experiments were carried out across a wide range of
blend compositions (v¼ 0.0–0.9) to capture the transition in droplet
behavior from smooth evaporation to internal boiling leading to puff-
ing and micro-explosion. The results show that disruptive phenomena
occur most prominently near the equi-volumetric blend (v � 0.5),
where both the volatile (OME1) and less volatile (diesel) components
coexist in sufficient quantities to promote internal boiling and hetero-
geneous vaporization. At intermediate OME1 fractions (v¼ 0.6–0.7),
only weak puffing events were observed, while at higher OME1 frac-
tions (v � 0.8), evaporation dominated due to the reduced proportion
of the less volatile diesel component.

Figure 3 presents a schematic illustration of how blend composi-
tion governs the onset of micro-explosions in OME1/diesel binary fuel
droplets. The top sequence shows the case of non-equi-volumetric
blends, where the volatile component (OME1) is present in relatively
small proportion. Upon heating, the small OME1 fraction vaporizes
locally within the droplet but lacks the volumetric dominance neces-
sary to accumulate significant internal pressure. As a result, the vapor
either diffuses slowly through the diesel matrix or is released via weak
bubbling, leading to steady and smooth evaporation without disruptive
breakup. In contrast, the bottom sequence represents nearly equi-
volumetric blends, where the OME1 content is high enough to saturate
the droplet interior. Because OME1 and diesel are nonpolar and there-
fore fully miscible, disruptive behavior arises primarily from volatility
differences rather than phase separation, unlike in immiscible systems
(e.g., water–diesel). As heating progresses, OME1 vapor rapidly accu-
mulates, and due to its high volatility and miscibility limits, localized
nucleation zones form. These zones cannot dissipate the built-up pres-
sure quickly enough, resulting in a sudden rupture of the droplet inter-
face, a phenomenon recognized as a micro-explosion.9,11,16 This
schematic captures the critical role of blend composition in governing
evaporation and secondary atomization dynamics in the current work.

1. Droplet evaporation

The evaporation behavior of different test liquids is explained at
first through temporal variation of droplet projected area. Figure 4(a)
shows time-dependent variations in the projected area (A/A0) of fuel
droplets for different OME1 fractions, ranging from 0.0 to 1.0 plotted

TABLE I. Composition of various fuel blends used in the present study.

Name Diesel (%) OME1 (%) Fraction of OME1 (v)

D100 100 0 0.0
OME20D80 80 20 0.2
OME30D70 70 30 0.3
OME40D60 60 40 0.4
OME50D50 50 50 0.5
OME60D40 40 60 0.6
OME70D30 30 70 0.7
OME80D20 20 80 0.8
OME90D10 10 90 0.5
OME100 0 100 1.0

TABLE II. Fuel properties of OME1 and diesel.4,32,33

Boiling
point (�C)

Density at
15 �C (Kg/m3)

Kinematic
viscosity at

40 �C (mm2/s)

Surface
tension at

20 �C (mN/m)

Diesel 200–360 839 3.1 28.89
OME1 42 860 0.37 22.81

FIG. 2. Morphological behavior of the test
liquids. v is the OME1 fraction in the
binary mixture of OME1/diesel.
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against droplet lifetime, s. The standard deviation is presented only for
v¼ 0.0 and v¼ 1.0 to maintain clarity and avoid cluttering. The stan-
dard deviation for the remaining blends falls within the range of 5%–
8%. For all fuel types, A/A0 decreases over time, indicating droplet
evaporation. The pure OME1 (v¼ 1.0, brown) decreases the fastest,
reaching zero in under 5 seconds owing to its lowest boiling point
among the tested fuels (Table II). Blends with more OME1 in diesel
(v¼ 0.9, v¼ 0.8, v¼ 0.4, v¼ 0.3, and v¼ 0.2) show a relatively fast
decrease rate compared to pure diesel (v¼ 0.0), but slower than pure
OME1 (v¼ 1.0). The evaporation rate of pure diesel (v¼ 0.0, red)

decreases the slowest and maintains a larger droplet area for a longer
duration. The presence of OME1 enhances evaporation of droplets
when blended with diesel. The higher the OME1 content, the faster the
droplet evaporation. This could imply better mixing characteristics
with increasing OME1 content, which is beneficial for cleaner and
more efficient combustion.4

The variation of non-dimensionalized droplet lifetime (s� ¼ s vð Þ
sdiesel

)
during evaporation with increasing fraction of OME1 in a fuel blend is
presented in Fig. 4(b). The black dotted line represents the baseline life-
time of a pure diesel droplet. As the proportion of OME1 increases, the
droplet lifetime decreases in a non-linear fashion, indicating enhanced
evaporation rates due to the higher volatility of OME1 compared to die-
sel. A power law fit is applied to the experimental data to capture this
trend for the tested range of v and for the tested temperature, given as

s� ¼ s vð Þ
sdiesel

¼ 0:47v�0:35: (1)

Figure 5(a) presents the same data as Fig. 4(a) where the droplet life-
time is scaled using the theoretical evaporation time scale (se), which is
given by35,36

se / D2
0

a
; (2)

where D0 is the droplet initial diameter, and a is the thermal diffusivity.
The evaporation time scale is interpreted within a conduction-limited
framework, as the suspended droplet heats primarily through thermal

FIG. 3. Conceptual illustration of micro-
explosion behavior in OME1(orange)/diesel
(blue) droplets based on blend composition.
(a) In non-equi-volumetric blends, low OME1
content leads to weak internal vapor pres-
sure and steady evaporation. (b) In nearly
equi-volumetric blends, vapor accumulation
due to OME1 heating results in high internal
pressure and disruptive micro-explosion,
producing smaller secondary droplets.

FIG. 4. (a) Time-dependent variations in the projected area of droplets for different
OME1 fractions, illustrating how the droplet behavior evolves over the course of the
experiment. The standard deviation is presented for v¼ 0.0 and v¼ 1.0. (b)
Variation of non-dimensionalized droplet lifetime during evaporation with the fraction
of OME1 (v) in a fuel blend. A power-law fit is added. The black dotted line indi-
cates the lifetime of the diesel droplet.
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diffusion from the surface inward. The thermal diffusivity (a) of diesel
at 25 �C is reported to be 7.23� 10�8 m2/s.37 Although a direct value
for OME1 is not readily available in the literature, we approximated it
by using the thermal diffusivity of diethyl ether, which is 1.04� 10�7

m2/s at 25 �C, as a close match.38 Plotted on a log –log scale, the nor-
malized area A/A0 collapses onto a single curve across all OME1 frac-
tions. This collapse suggests that, despite differences in individual
evaporation rates, the process follows a self-similar behavior when
appropriately scaled. The analysis confirms the usage of the evapora-
tion time scale in generalizing the evaporation dynamics across differ-
ent fuel blends, providing a consistent framework for interpreting
droplet behavior. The linear trend observed in the log–log plot con-
firms that A/A0 and s/se follow a power law relationship ½ AA0

¼ a s
se

� �b],
with an exponent b ¼ �0.95, which agrees well with the classical D2-
law.35,39 This suggests that the effect of blend composition can be
incorporated into the constant (a¼ 0.065), rather than the exponent,
b. A 620% sensitivity analysis on the assumed OME1 thermal diffu-
sivity showed only minor changes in the power-law fit (the exponent
varied from �0.95 to �0.90/�0.99, and prefactor from 0.065 to 0.056/
0.070), confirming that the proposed scaling is robust to uncertainties
in a. The observation that the normalized evaporation curves collapse
onto a single trend line across all blend ratios suggests that despite
being multicomponent, the droplet evaporation behavior adheres
closely to the D2-law typically reserved for single-component liquids,
indicating that the OME1/diesel blends behave quasi-homogeneously
under the tested thermal conditions, a finding not previously reported
in the literature for such fuel blends.

To account for the influence of fuel composition on evaporation
behavior, we propose a modified form of the classical D2-law tailored
for binary OME1/diesel droplets. In the standard model, the droplet
diameter squared decreases linearly with time as follows:

D2 sð Þ ¼ D2
0 � Ks; (3)

where K is the evaporation rate constant. The total evaporation time

(droplet lifetime) is given by s ¼ D2
0
K . It is noted that in the present con-

figuration, the evaporation is not limited by surface kinetics or interfa-
cial energy effects, rather the heating is dominated by bulk conduction,
as evidenced by the observed D2-scaling. However, in multicomponent
systems, the effective evaporation rate varies with composition, so the
equation for evaporation time becomes

s vð Þ ¼ D2
0

K vð Þ : (4)

Our experimental data show that the droplet lifetime decreases with
increasing v, following a power-law relationship [Eq. (1)]. Substituting
this into the classical D2-law [Eq. (3)] yields the modified expression

D2 sð Þ
D2

0
¼ 1� s

sdiesel

� �
v0:35: (5)

The modified D2-law presented here generalizes the classical single-
component droplet evaporation theory to multicomponent fuel sys-
tems by embedding blend composition effects directly into the

FIG. 5. (a) Variation of droplet projected
area plotted against droplet lifetime scaled
using evaporation time on a log –log scale.
A good collapse of the data are seen using
evaporation time scale. Comparison of
evaporation behavior across OME1/diesel
blends using classical (b) and modified D2-
law time scaling (c).
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evaporation time scale. To verify the applicability of the proposed
modified D2-law for multicomponent droplets, the time evolution of
normalized droplet area was compared across different OME1/diesel
blends using two scaling approaches. In the classical D2-law, time is
normalized by the theoretical evaporation time scale Eq. (2). This
method, shown in Fig. 5(b), yielded only partial collapse of the area
ratio curves, particularly at higher v. This deviation can be attributed
to two key factors. First, the classical model inherently assumes a
single-component droplet and does not account for composition-
dependent evaporation dynamics, making it structurally unsuitable for
multicomponent systems like OME1/diesel blends. As a result, it can-
not capture the shift in evaporation time scale driven by the increasing
volatility of OME1. Second, the calculation of the thermal time scale
[Eq. (2)] requires accurate thermophysical properties, and uncertain-
ties in parameters like thermal diffusivity of OME1 may further con-
tribute to deviations. In contrast, the modified D2-law introduced in
this work empirically embeds the effect of blend composition through
the relation s vð Þ � sdiesel:v�0:35. When this scaling is applied
[Fig. 5(c)], evaporation curves for all blends collapse onto a single tra-
jectory, validating the modified law and highlighting its utility in
modeling multicomponent droplet evaporation40,41 where composi-
tion influences lifetime, even when the D2 shape is preserved.

2. Micro-explosion

After the detailed analysis on evaporation in the earlier section,
now the attention is directed toward another morphological behavior
observed in the present case, which is the micro-explosion at v¼ 0.5.
Although the concentration and temperature were maintained as con-
stant, the occurrence of micro-explosions was inherently random and
chaotic, manifesting as either weak or strong events15 as highlighted in
Fig. 2.

A comparison of both the strong and weak events is presented in
Fig. 6, which further illustrates the distinct stages during strong and
weak micro-explosions in the OME1/diesel blend with v¼ 0.5. In
strong micro-explosions, the process evolves through six stages: start-
ing from the initial droplet, followed by internal disruption, bag forma-
tion and its breakup, leading to ligament generation and ultimately,
secondary droplet formation. In contrast, weak micro-explosions pro-
gress through five stages, ending in partial ligament and droplet forma-
tion with rebound behavior instead of complete disintegration. This
highlights the influence of internal pressure build-up on breakup

intensity. Representative high-speed videos of strong and weak micro-
explosion events are provided as supplementary material to comple-
ment the discussion presented here.

The image sequence given in Fig. 7 captures the complete evolu-
tion of a micro-explosion event in a single droplet composed of a 50/
50 volumetric blend of OME1 and diesel (v¼ 0.5). The sequence
begins with the droplet in a stable state (0ms), followed by the appear-
ance of a tiny surface protrusion at 3.0ms, indicating the initiation of
internal bubble nucleation due to differential volatility between the fuel
components. At approximately 5.8–5.9ms, a sudden micro-explosion
occurs, characterized by a violent rupture of the droplet due to a rapid
increase in the internal pressure of vapor which leads to an expulsion
of a mist from the droplet content outward. This eventually leads to
the formation of a bag-like structure composed of liquid sheet with a
rim42 by 6.2ms, which subsequently fragments into a thin liquid sheet
(6.4–7.0ms), marking the onset of primary ligament formation. As
time progresses (8.3–10.9ms), these primary ligaments undergo
stretching, thinning, and break up further into secondary ligaments
and satellite droplets, a process driven by inertial and capillary forces.
By 12.4ms, the system exhibits a fully fragmented structure, indicating
the culmination of the micro-explosion event and complete disintegra-
tion of the parent droplet. This detailed visualization highlights the
multistage breakup process and demonstrates the efficiency of OME1/
diesel blends in promoting disruptive atomization through micro-
explosion mechanisms, which is critical for improving spray dispersion
and combustion efficiency in advanced fuel systems.

In micro-explosions, the deformation of drop into a bag-like
structure is driven by internal pressure unlike the case of high-speed
flows where the external aerodynamic forces cause the deformation.42

The more volatile OME1 vaporizes rapidly inside the droplet, creating
internal pressure that causes the v¼ 0.5 droplet outer surface to stretch
and deform into a thin membrane, forming a bag-like structure before
the droplet ruptures violently.15,43 The bag is a transient structure
formed just before the breakup of the droplet. The Rayleigh–Taylor
instability, resulting from the density difference between the OME1
vapor and the liquid diesel phase, plays a significant role in the forma-
tion of the bag structure.44 Additionally, the Kelvin–Helmholtz insta-
bility may also contribute to the surface fragmentation of the v¼ 0.5
droplet, facilitating the breakup process.45

In contrast to the strong micro-explosion behavior presented in
Fig. 7, a subsequent observation of a weak micro-explosion in a v¼ 0.5
droplet, depicted in Fig. 8, reveals notable differences in breakup

FIG. 6. Comparison of the different stages
of strong (a) and weak (b) micro-explosion.
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intensity, morphology, and droplet disintegration dynamics. The
image sequence given in Fig. 8 shows a temporal evolution of a weak
micro-explosion event observed in a droplet with v¼ 0.5. At 0ms, the
droplet remains undisturbed; by 2.2ms, nucleation begins within the
droplet, triggering internal pressure build-up. This is followed by a
weak micro-explosion at 2.5ms, which leads to the formation of a
liquid sheet by 2.8ms. Unlike strong micro-explosions, this event
produces smooth ligaments and larger secondary droplets (seen at
3.4–5.2ms), indicating lower internal pressure and fragmentation
energy. By 7.9ms, a significant portion of the droplet mass remains
attached to the thermocouple wires, confirming limited disintegration.
Finally, at 12.4ms, the droplet shows rebound behavior, attributed to

surface tension forces overcoming the weak disruptive event.
Additionally, the retention of the droplet’s bulk on the thermocouple
and its subsequent rebound in the weak event further indicate domi-
nance of surface tension over inertial forces, unlike in the stronger case,
where inertia drives full disintegration. This sequence underscores the
influence of internal nucleation dynamics on breakup morphology and
the transition between puffing andmicro-explosion regimes.

B. Ligament formation and breakup modes

Further to the comprehension of qualitative droplet morphologi-
cal behavior, attention is directed to the ligament formation and its

FIG. 7. High-speed imaging sequence
showing micro-explosion for v¼ 0.5 drop-
let, illustrating stages from bubble growth
to bag rupture, ligament formation, and
secondary droplet formation. Multimedia
available online.

FIG. 8. Temporal sequence illustrating a
weak micro-explosion in an v¼ 0.5 drop-
let, showing nucleation, limited sheet for-
mation, and smooth ligament breakup with
partial droplet retention. Multimedia avail-
able online.
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breakup mechanism. Understanding the attributes of these ligaments
is crucial in spray dynamics, droplet formation, and combustion pro-
cesses.46–48 In combustion systems, the breakup of ligaments signifi-
cantly influences fuel atomization, droplet size distribution, and
consequently combustion efficiency and emissions. For instance, high-
velocity airflows can cause ligaments to break up into smaller droplets,
enhancing fuel–air mixing and promoting more complete combustion.
Conversely, larger droplets may result in incomplete combustion that
leads to higher emissions. Therefore, understanding ligament dynam-
ics is crucial for optimizing spray characteristics in various applica-
tions, including fuel injection systems and combustion chambers.

Figure 9 illustrates the methodology employed to quantify liga-
ment characteristics during the droplet breakup process. Figure 9(a)
shows a high-speed image frame where an individual ligament is iden-
tified and selected for further analysis. Figure 9(b) provides a magni-
fied view of this ligament, with specific geometric measurements
annotated. The total ligament length, denoted as Ll, is obtained by
summing discrete ligament segments Ll,1, Ll,2, and Ll,3, capturing
the non-uniform nature of ligament formation and fragmentation.
The ligament diameter, Dl, is defined as the mean diameter (hDbi) of
the blob circle visually highlighted as red-circled regions in Fig. 8.
These measurements form the basis for calculating the ligament aspect
ratio C, which is a key parameter in atomization physics, particularly
in understanding how liquid jets or sheets break up into droplets,47,49

defined as50

C ¼ Ll
Dl

: (6)

Low C values correspond to shorter, thicker ligaments which are more
likely to break up into smaller number of droplets (may form fewer
but larger droplets) via capillary instability. On the other hand, liga-
ments with high C are more likely undergo ligament-mediated
breakup which is inertia-driven.51 The precise spatial quantification
shown in Fig. 9 supports the broader objective of correlating ligament
morphology with dynamic breakup behaviors and the underlying time
scales of the fragmentation mechanisms. The percentage error in Ll
varies between 2.3% and 5.16%, while that in Dl ranges from 1.71% to
5.89%. These uncertainties collectively result in a propagated percent-
age error in C between 4.3% and 7.5%. The ligament aspect ratio has a
mean of 6.92 with a 95% confidence interval of (5.74, 8.10).

The gamma distribution parameter, n, serves as a statistical indi-
cator of ligament surface behavior in sprays. Higher values of n are

associated with smoother ligaments and more uniform breakup,
whereas lower n values indicate corrugated ligaments with more irreg-
ular and chaotic breakup patterns.46,47 In the present study, n is deter-
mined by measuring the sizes of blobs along the ligaments, as shown
in Fig. 9(b), and is expressed as46,52,53

n ¼ Dbh i2
D2

b

� �� Dbh i2 : (7)

A detailed analysis of ligament breakup reveals a clear dependency on
the ligament aspect ratio C. Figure 10 presents a comprehensive analy-
sis of ligament breakup characteristics during droplet disintegration,
focusing on the transition between capillary-induced and inertia-
driven mechanisms. The ligament aspect ratio serves as a key parame-
ter distinguishing the breakup regimes. In the present case, a critical
threshold around C � 6 separates the two regimes: Ligaments with C
< 6 are predominantly influenced by capillary forces, leading to
thicker ligaments and more uniform droplet sizes, as indicated by
higher values of the gamma distribution parameter (n) and normalized
neck diameters. Conversely, ligaments with C > 6 undergo inertia-
driven breakup, characterized by longer, thinner ligaments and a
broader droplet size distribution, reflected in lower n values and
smaller el/D0, where el is the neck thickness—the narrowest cross-
sectional width of the liquid structure that connects the detaching liga-
ment to the bulk liquid. The accompanying high-speed images
[Fig. 10(a)] further support this distinction, illustrating the morpholog-
ical and statistical differences in ligament evolution and droplet forma-
tion based on the governing breakup mechanism. This understanding
is crucial for optimizing atomization processes in fuel spray applica-
tions, where ligament behavior directly impacts combustion efficiency
and emissions.

Further, the ligament breakup behavior was investigated through
a time scale analysis by drawing a comparison of two characteristic
time scales: the stretching time scale (ss) and the capillary time scale
(sc). The stretching time scale, ss, defined as the ratio of the ligament
length to its extension rate, characterizes the dominant influence of
inertial forces that elongate the ligament,

ss ¼ Ll
DLl

sb; (8)

where sb is the breakup time and DLl is the ligament instantaneous
stretching length. In the present work, sb is the time interval between

FIG. 9. (a) Representative image showing
ligament evolution and measurement
geometry. (b) Corresponding magnified
view highlighting the region of interest
used to extract ligament characteristics.
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the first frame showing the ligament connected to the bulk liquid and
the frame where it fully detaches, with no visible connection remain-
ing. In contrast, the capillary time scale, sc, determined by the ligament
diameter, fluid density, q, and surface tension, r, represents the time
required for capillary forces to drive breakup, and is given by54

sc ¼
ffiffiffiffiffiffiffiffi
qD3

l

r

r
: (9)

By plotting the ratio ss/sc against the ligament aspect ratio [Fig. 10(c)],
a clear transition between two breakup regimes was observed. For C
values lower than approximately 6, ss/sc ratios are higher, suggesting
capillary forces dominate ligament thinning and breakup (capillary-
induced regime). Conversely, for C values greater than 6, ss/sc ratios
drop significantly, indicating that inertial forces prevail (inertia-driven
regime). This analysis provides a quantitative framework to distinguish
between capillary- and inertia-driven ligament breakup modes, and it
underpins the observed ligament morphologies in diesel/OME blend
during puffing and micro-explosion. The data are fitted using a power-
law model with a pre-factor and exponent of 0.616 and �0.402,
respectively, for C < 6, showing a clear trend and supporting the
inverse relationship between breakup time ratio and ligament aspect
ratio.

To provide a physical justification for the observed transition liga-
ment aspect ratio (C � 6), we consider a liquid ligament of length “Ll”
and diameter “Dl” as shown in Fig. 9. At any intermediate time during
stretching, let its length and diameter be Ll,0 and Dl,0, respectively.
Since the volume is conserved during stretching, assuming the mass
fed into the ligament from the bulk liquid to which the ligament is
attached is negligible,

p
D2

l;0

4
Ll;0 ¼ C: (10)

Differentiating Eq. (10) with respect to time gives a relation between
axial stretching and radial contraction rates. After simplification, this
reduces to

dDl

dt
¼ �US

2C
; (11)

where Us is the stretching velocity of the ligament. Equation (11) can
be rearranged to express the characteristics stretching time scale as

sS ¼ 2CDl

US
: (12)

At the threshold between capillary-controlled and inertia-dominated
breakup, the stretching and capillary time scales are of the same order:
sc � ss.

Substituting Eq. (12) and capillary time scale Eq. (9) results in a
proportional relation, Dl

UC
� 2CDl

US
, where Uc is the capillary velocity

given by UC ¼
ffiffiffiffiffiffi
qDl
r

q
.

Upon simplification,

C � US

2UC
: (13)

Thus, the ligament aspect ratio at transition is governed by the ratio of
stretching to capillary velocities. From the high-speed measurements,
the stretching velocity of the ligament was found to be 1.5–2.3 m/s,
while the capillary velocity was 0.14–0.25 m/s, giving an average ratio
of �13. The ligament stretching velocity was obtained using the same
displacement-tracking procedure applied earlier for droplet velocities
in Fig. 11. This velocity ratio corresponds to ligament aspect ratios in
the range of 5–8, consistent with the experimentally observed transi-
tion threshold (C � 6).

The observed ligament formation and breakup dynamics in
OME1/diesel droplets can also be interpreted through the classical

FIG. 10. (a) Image sequence highlighting
the different ligament breakup modes, (b)
variation of non-dimensional neck diame-
ter and gamma distribution parameter with
ligament aspect ratio, and (c) ratio of liga-
ment stretching time scale to capillary
time scale plotted against ligament aspect
ratio.
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fluid instability theory and capillary-inertial breakup mechanisms. The
transition from weak to strong micro-explosions, characterized by var-
iations in ligament aspect ratio (C) and the ratio of stretching to
capillary time scales (ss/sc), aligns with behaviors governed by
Rayleigh–Plateau and Rayleigh–Taylor instabilities. Ligaments with
lower aspect ratios (C < 6) undergo fragmentation consistent with
capillary pinching, where surface tension dominates the breakup pro-
cess and sets the time scale. In contrast, ligaments with higher aspect
ratios (C > 6) display rapid elongation and thinning prior to breakup,
indicative of inertia-dominated stretching, similar to mechanisms
described in ligament-mediated breakup models. This regime shift is
well captured by the time scale ratio ss/sc, which serves as a useful met-
ric for distinguishing between capillary- and inertia-driven breakup
modes. These insights provide a fundamental understanding of liga-
ment dynamics and fragmentation behavior in multicomponent drop-
lets undergoing puffing and micro-explosions.

C. Droplet secondary breakup analysis

A comprehensive examination of ligament properties and their
breakup mechanisms naturally extends to the analysis of the resulting
droplet characteristics. The droplet size directly affects surface area-to-
volume ratio, and the velocity of droplets influences how well they mix
with surrounding air or gas, which is essential for flame stability and
combustion completeness.55,56 Figure 11 demonstrates how droplet
size and velocity are measured in the present case. The droplet of inter-
est, marked by a yellow circle, exhibited a diameter of 480 lm, mea-
sured within a spatial resolution of 52.3lm. The percentage error
involved in the measurement of droplet size ranged from 2.07% to
5.76%. By tracking the droplet’s (X, Y) position across consecutive
frames (Fig. 11), its instantaneous velocity was computed based on dis-
placement over time. The droplet velocity in the present case ranges
from 1.08 to 1.97m/s for the capillary-induced case and 1.26–4.4m/s
for the inertia-driven case. The results show that capillary-induced
breakup produces lower ejection velocities, consistent with surface
tension-driven relaxation, while inertia-driven breakup generates sig-
nificantly higher velocities due to rapid bubble growth and ligament
stretching. These measurements provide a complementary quantitative
marker of breakup intensity, further distinguishing weak and strong
micro-explosions beyond morphological observations.

Research on ligament breakup46,57 has employed empirical fitting
of a single-parameter gamma distribution function to characterize the
fragmentation behavior of a corrugated ligament, which is given by

Pb n; x ¼ Dd

Ddh i
� �

¼ nn

C nð Þ x
n�1e�nx: (14)

The gamma distribution shape parameter value of n� 4–5 corre-
sponds to highly corrugated ligaments, indicating significant surface
undulations during breakup. In contrast, a value of n¼1 represents
perfectly smooth ligaments, suggesting minimal perturbation along the
ligament interface.47,52 The experimental probability density function
(Pb) is determined based on the droplet count distribution, and is cal-
culated as58,59

Pb ¼ Ni

RNi

Ddh i
dD

� �
; (15)

where Ni is the number of droplets in the i-th size class, dD is the width
of the size class, and hDdi represents the average droplet diameter,
taken as the arithmetic mean diameter. The value of dD is taken as
100lm.

Figure 12 presents a comparison between the experimentally
obtained probability density function (PDF) of normalized droplet
sizes and a theoretical gamma distribution for the inertia-driven
regime. The x-axis shows the droplet diameter (Dd) normalized by the
mean droplet diameter (hDdi), while the y-axis shows the correspond-
ing probability Pb on a logarithmic scale. The experimental data, repre-
sented by black circles, follows a characteristic right-skewed shape,
indicative of a wide distribution of smaller droplets and fewer large
droplets. The solid line corresponds to the gamma distribution, mathe-
matically described by the PDF equation [Eq. (14)], which depends on
the shape parameter n [the gamma distribution parameter has a mean
of 7.27 with a 95% confidence interval of (6.94, 7.64)] and normalized
droplet diameter x. The gamma distribution is able to capture the
global experimental trend. Furthermore, the agreement between the
experimental data and Eq. (14) suggests that the gamma distribution is
a suitable fit for representing the drop size distribution in this breakup

FIG. 11. Image sequence highlighting the measurements of droplet size (Dd) and
velocity (Ud).

FIG. 12. Comparison of experimental PDF for inertia-driven breakup with gamma
distribution given by Eq. (14) with n¼ 7.27.
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process. This alignment supports the hypothesis that the droplet for-
mation process is governed by a stochastic fragmentation mechanism,
consistent with previous studies on atomization and ligament
breakup.47,52,58

Figure 13 presents three sequential cases (I, II, and III) illustrating
the ligament breakup characteristics during the micro-explosion of
v¼ 0.5 droplet. In case I, a primary ligament detaches from the bulk
liquid and subsequently disintegrates into smaller droplets, highlight-
ing a direct fragmentation pathway. In case II, the breakup is more
complex as secondary/tertiary ligaments emerge from the cascading
effects of primary breakup, which further divide into smaller struc-
tures, representing a hierarchical or multistage breakup mechanism.
Case III differs by showing the detachment of a discrete liquid frag-
ment rather than a ligament. Although a few events were observed for
this case, this fragment travels forward and then stretches to break up
due to capillary effect into multiple satellite droplets. All cases depict
high-speed fragmentation dynamics influenced by inertial and surface
tension forces, providing a comparative understanding of different
breakup modes and their temporal evolution. These observations
reveal the structural variations of ligament and droplet formation path-
ways, depending on the formation of initial ligament geometry and
energy conditions. The observed differences (cases I–III) arise from
stochastic variations in bubble nucleation and growth rather than com-
positional effects.9,15,60 This event-to-event variability is consistent
with the weak and strong micro-explosion behavior highlighted earlier
in Figs. 6–8, where identical blends exhibit markedly different breakup
intensities.

These breakup mechanisms are further characterized using two
key geometric metrics: the ligament aspect ratio (C) and the droplet-
to-ligament diameter ratio (Dd/Dl). Figure 14 highlights distinct trends

that differentiate the breakup modes corresponding to the three cases
presented in Fig. 13.

• Case I represents ligaments with moderate aspect ratios (2.5 < C
< 10), where ligaments undergo intermediate levels of stretching.
The resulting droplets are larger than the original ligament diam-
eter (1.22–1.58), indicating a balanced interplay between
capillary-driven fragmentation and inertial stretching. This sce-
nario reflects a transitional regime between surface tension-
dominated and inertia-influenced breakup.

FIG. 13. Sequential imaging of primary and secondary ligament fragmentation, along with discrete droplet disintegration during the micro-explosion of v¼ 0.5 droplet, highlight-
ing the various possible breakup mechanisms. The time interval is identical for all three cases shown above.

FIG. 14. Ratio of droplet diameter to ligament diameter plotted against ligament
aspect ratio for three possible breakup mechanisms shown in Fig. 13.
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• Case II corresponds to high aspect ratio ligaments (C > 6), char-
acterized by long, thin structures formed under intense stretch-
ing. The primary droplets produced are only slightly larger than
the ligament diameter (1.2–1.35), often accompanied by numer-
ous smaller satellite droplets. This suggests a fragmentation pro-
cess dominated by inertia, where stretching significantly thins the
ligament before disintegration.

• Case III involves ligaments with low aspect ratios (C < 3), form-
ing short, thick segments or blob-like structures with minimal
elongation. The resulting droplets are approximately equal in size
to the ligament diameter (1.1–1.18), indicating a bulk detachment
with limited deformation.24 This reflects an early stage breakup
or a regime with low energy input, where surface tension quickly
drives the detachment without significant ligament evolution.

These differences directly connect to the parameter correlations
shown in Fig. 10(a). In that figure, the gamma distribution shape
parameter n was found to increase systematically with ligament aspect
ratio C. A low value of n, associated with case III (short, thick liga-
ments), corresponds to a relatively narrow distribution dominated by
larger droplets, reflecting an ordered breakup mode governed by capil-
lary pinching. As C increases toward the intermediate regime (case I),
the shape parameter n also rises, indicating that breakup events
become progressively more dispersed and the resulting droplet distri-
bution broadens. At the highest aspect ratios (case II), n reaches its
largest values, consistent with a highly polydisperse population pro-
duced by inertial stretching and stochastic ligament rupture. Together,
these results demonstrate that ligament aspect ratio governs not only
the breakup pathway but also the resulting child droplet population,
thereby reinforcing the proposed breakup regime map. Among the
three identified cases of droplet formation resulting from ligament
breakup, it is observed that the highest number of events corresponds
to case I, while case III accounts for the fewest occurrences.

IV. CONCLUSIONS

This study presents a detailed investigation into the evaporation
and micro-explosion behaviors of pure diesel, pure OME1, and their
blends with OME1 fractions ranging from 20% to 90% at an ambient
temperature of 500 �C. High-speed backlighting imaging enabled a
thorough morphological and quantitative assessment of the droplet
breakup processes. The main conclusions are as follows:

• Among the tested blends, the 50% OME1 composition displayed
both micro-explosions and puffing, the 60% and 70% blends
showed only puffing behavior, whereas higher and lower OME1
fractions exhibited predominantly steady evaporation. Our find-
ings reveal that adding OME1 significantly enhances droplet
evaporation rates, with pure OME1 evaporating the fastest and
pure diesel the slowest. Additionally, when droplet lifetimes are
scaled by the characteristic evaporation time scale, the evapora-
tion behavior appears universal. Under these conditions, the
binary mixtures exhibit evaporation characteristics similar to
those of a homogeneous single-component fuel. A modified D2-
law has been proposed to account for the blend composition
effects.

• Two distinct micro-explosion behaviors were identified. Strong
micro-explosions, driven by high internal pressure, lead to violent
rupture, fine droplet formation, and high ligament ejection,

indicative of an inertia-dominated regime. In contrast, weak
micro-explosions are characterized by mild puffing, smooth liga-
ment formation, and the generation of larger droplets, governed
primarily by capillary forces.

• Ligament breakup behavior was strongly influenced by the aspect
ratio (C), with a clear transition observed at C � 6. Below this
threshold, breakup is capillary-driven, resulting in uniform,
thicker ligaments. For C > 6, inertia dominates, producing thin-
ner ligaments and a broader droplet size distribution. This classi-
fication was supported by gamma distribution shape parameters
and neck diameter analysis.

• A time scale comparison further confirmed this regime distinc-
tion. Strong micro-explosions exhibited a much shorter ligament
stretching time relative to the capillary breakup time (ss/sc 	 1),
while weak events showed relatively higher time scales, reinforc-
ing the influence of inertial and capillary forces, respectively.

• The droplet size distribution for the inertia-driven regime fol-
lowed a gamma function, indicative of a ligament-mediated
breakup.

• Finally, three secondary breakup modes were classified based on
ligament geometry: case I with moderate stretching and balanced
breakup, case II with long, thin ligaments indicating strong iner-
tial influence, and case III with short, thick ligaments formed
under capillary pinching. These findings provide a comprehen-
sive framework for understanding micro-explosion-driven atomi-
zation in multicomponent fuel droplets and offer valuable
insights for improving combustion efficiency in advanced engine
systems.

These insights into evaporation and micro-explosion dynamics of
OME1/diesel blends offer practical guidance for optimizing fuel prepa-
ration and injection strategies in advanced combustion engines,
enabling improved atomization, faster mixing, and potentially lower
emissions in real-world application.

V. FUTURE WORKS

Future studies may explore the effects of temperature and initial
droplet size in order to estimate shifts in the balance between smooth
evaporation and disruptive events.

SUPPLEMENTARY MATERIAL

See the supplementary material for the ImageJ scripts used in
data processing and analysis.
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