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Abstract
The results of detailed experimental investigations of puffing, micro-explosions
and autoignition of composite fuel/water droplets free falling in a high temperature air are presented. The measurements were performed for non-mixed and
premixed Diesel fuel/water and rapeseed oil/water droplets. Air temperature
was in the range 850-1100◦ C, initial droplet radii were in the range 0.62-1.34
mm, and relative volume fractions of fuel (Diesel fuel or rapeseed oil) were in the
range 3-97%. It is shown that the time to micro-explosion decreases with increasing temperature, weakly depends on the volume fraction of fuel, and increases
with increasing droplet sizes. The latter trend is shown to be consistent with the
prediction of the previously developed simple model for droplet puffing/microexplosion based on the assumption that the water component forms a spherical
sub-droplet located in the centre of a fuel droplet. It is shown that the autoignition delay time for composite droplets, close to the time to micro-explosion for
both fuels under consideration, is almost an order of magnitude less than that
for pure fuel droplets.
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1. Introduction
It is well known that micro-explosions in water-in-fuel droplets, leading to
rapid disintegration of these droplets, can potentially reduce nitrogen oxide particulate emission and improve engine performance [1, 2, 3, 4] (see the first para5

graph in the Introduction in [5] for further details). The term ‘micro-explosions’
used in the literature refers to a wide range of phenomena with different underlying physics. For example, micro-explosions investigated in [6] were triggered
by pockets of air formed during droplet collisions. Micro-explosions studied
in [7] were produced by exothermic reactions between aluminum and a poly-
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mer and were used to prevent metal fuel particle agglomeration. Our study
will be specifically focused on micro-explosions in immiscible liquids (e.g. Diesel
fuel/water droplets). Following [8], a micro-explosion can be defined as ‘the
bursting of the continuous phase (i.e. Diesel fuel or rapeseed oil) by the energy
of evaporation of dispersed sub-droplets (i.e. water)’. Puffing (rapid increase
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in the droplet volume) usually precedes micro-explosions and the two processes
are often modelled together [5].
A number of teams have presented the results of experimental studies of
micro-explosions. In [9] composite droplets of water and sunflower oil emulsion
were used. These droplets were representative of emulsions used in applications
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of biofuels. Micro-explosions of composite droplets of water and various oil
products were studied in [10, 11]. The authors of [8] focused their research on
water-in-oil emulsion droplets. Puffing and micro-explosions of water-in-Diesel
fuel emulsion droplets exposed to high temperatures were studied in [12, 13].
The authors of [14] considered micro-explosions in kerosene, Diesel, gasoline,
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oil, turbine and automobile oil droplets with water sub-droplets within them
(see [11, 12] for a more detailed overview of the earlier experimental studies).
A number of models for puffing and micro-explosions have been suggested.
These models were either relatively simple [15, 16, 17] or very advanced, based
on the direct numerical simulation of the processes involved [18, 19]. Although
2
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the models suggested in [18, 19] are certainly very useful for understanding
the background of the mechanisms involved in the processes of puffing/microexplosions in droplets, the applicability of these models for practical engineering
applications is not obvious. Practitioners interested in these phenomena focus
mainly on such characteristics as the time to puffing/micro-explosion, but not
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on the details of the processes inside the exploding droplet. In [5] a simple
model of the processes specifically focused on a crude approximation of this
time was developed. This model will be used in this paper for the analysis of
experimental data.
The research to be presented focuses primarily on experimental investiga-
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tion of puffing and micro-explosions in free falling water-liquid fuel droplets
in a hot air. This investigation is different from those presented earlier when
various droplet supports were used (e.g. [8, 11]) or when high speed droplets
were injected from a nozzle (e.g. [13]). In contrast to most previous studies of
this phenomenon, in our case micro-explosion of droplets will be investigated
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together with their autoignition. Some experimental results will be compared
with the predictions of a simplified model for puffing/micro-explosions earlier
suggested in [5].

2. Description of experiments
2.1. Composition of droplets
50

Three components (water, rapeseed oil and Diesel fuel) were used in our experiments. Two types of droplets were considered: non-mixed two-component
(water and liquid fuel) droplets, produced during sequential preparation of the
components, and premixed droplets prepared using TWEEN 85 surfactant. In
the case of non-mixed two-component droplets, a single water sub-droplet was
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located inside the fuel droplet. In the case of premixed droplets many small water sub-droplets were distributed almost homogeneously inside the fuel droplet.
There are three reasons for our primary interest in non-mixed droplets.
Firstly, premixed emulsified fuels tend to segregate after long storage; in this

3

case, an interface is formed inside the droplet, and this droplet turns into a
60

non-mixed droplet. Secondly, the presence of an interface inside a non-mixed
droplet allows us to investigate all stages of the micro-explosion/autoignition
process and estimate the integral characteristics. Thirdly, for the preparation
of non-mixed droplets there is no need to use TWEEN 85 surfactant. The properties of the latter have a strong effect on the conditions and characteristics of
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micro-explosions.
The combustible liquids were selected primarily due to their wide use as
currently available and prospective fuels. Diesel fuel is widely used for internal combustion engines because of its reliability and efficiency. Rapeseed oil
is widely used as a biofuel. Biodiesel produced from rapeseed oil is believed

70

to be ecologically clean. Typical concentrations of these combustible liquids in
prospective fuels are expected to be between 90% and 100% [20, 21]. Using the
results presented in numerous research papers (e.g. [8, 5, 14] and the references
therein), we expect that the addition of water to fuel (Diesel fuel or rapeseed
oil) will lead to the intensification of fuel droplet disintegration and autoignition
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of the fuel vapour/air mixture. This occurs due to rapid increase in the liquid
surface area during the micro-explosions, which speeds up the evaporation process and decreases the physical ignition delay that is controlled by the breakup,
heating and evaporation of droplets [22].
2.2. Experimental setup
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A scheme of the setup used in our experiments is shown in Fig. 1. A muffle
furnace was used to heat air in the chamber up to about 1200◦ C. The distribution of the air temperature inside the furnace was recorded using low inertia
thermocouples with errors of temperature measurement less than ±3◦ C and
errors of time measurement less than 0.1 s. The results inferred from thermo-
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couple measurements were collected using National Instruments Thermocouple
Input Module NI 9219.
The temperature in the enclosure was measured using three thermocouples
as schematically shown in Fig. 1. Typical differences in the readings from these
4

thermocouples were in the range 6-9◦ C; the reading from the upper thermocou90

ple was always the maximal one while the reading from the lower thermocouple
was the minimal one. This gradient in temperature in the enclosure was ignored
in our analysis and the temperature in the enclosure was assumed equal to the
one inferred from the reading from the middle thermocouple. The temperature
of the furnace was maintained in the range 800-1200◦ C; the droplet radii were
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in the range 0.62-1.34 mm.
The axis of the furnace was vertical which meant that contact was avoided
between the free falling droplets and the inner walls (the cases when this contact took place were excluded from the analysis). The fragmentation of falling
droplets was recorded using a high speed video camera, capable of operating at
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speeds of up to 105 frames per second. The parent and disintegrated droplets
were illuminated from below.
The experiments were performed in three stages. Firstly, a two-component
droplet of the required size was formed with the help of a weigher mounted on a
holder, as shown in Fig. 1. Secondly, a special device was mechanically brought

105

into contact with the holder to release the droplet leading to its free fall in a hot
air. After that, the high speed video camera mentioned above (here operating
at 5400 frames per second) recorded the droplet and its fragmentation products.
The droplet remained in the enclosure for less than 1 s.
2.3. Analysis of images
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Typical recorded images of disintegrating droplets are presented in Fig. 2.
Fig. 2a shows non-mixed droplets, while Fig. 2b shows premixed droplets (emulsions). All images, including the ones in Fig. 2, were processed using Phantom
Camera Control software[23]. These images were used for the analysis of droplet
fragmentation times.
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All images were scaled using the inner diameter of the furnace (50 mm).
Droplet diameters were scaled using the initial droplet diameters inferred from
their volumes, assuming that the droplets were initially spherical. Also, the
radii of the vapour bubbles (Rb ) inside droplets were inferred from the analysis
5

of images. Finally the effective diameters of the aerosol clouds generated after
120

the micro-explosions were estimated as Dc = (D1 + D2 )/2, where D1 and D2
are maximal and minimal diameters of cloud ellipsoids (see Fig. 3b). In Fig. 3b
the images of the autoignition of fuel vapour/air mixture are shown alongside
the images of fragmented droplets.
The number of child droplets and their sizes were calculated using the algo-
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rithm described in [24]. Then the total area of child droplets was calculated and
compared with the initial area of the parent droplet. This allowed us to estimate
the change in the total area of the liquid surface during micro-explosions.
Altogether, more than 1000 experiments were performed, and about 460
images showing micro-explosions and the following autoignition were obtained.
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Those images for which the droplet transit time inside the furnace was not
sufficient to collect the integral characteristics of micro-explosions and estimate
the number and sizes of droplet fragments after micro-explosion were not used
in our analysis. This approach allowed us to gather reliable statistics for the
experimental results in identical conditions.
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3. Results
3.1. Times to micro-explosion
The plots of the observed times to micro-explosion versus the air temperature
for droplets with volume fractions of water 10% and volume fractions of Diesel
or rapeseed oil of 90% are shown in Fig. 4. In all cases, the droplet radii were
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0.84 mm (which corresponds to volume 2.5 µl). Air temperature varied between
850◦ C and 1100◦ C. The reason for selecting this range of temperatures was that
at temperatures less than 850◦ C micro-explosions were not observed, while at
temperatures greater than 1100◦ C the time to micro-explosion was too short
to perform measurements (sometimes micro-explosions took place before the
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droplets were released).
As can be seen in Fig. 4, the time to micro-explosion decreases with increasing air temperature for both droplets, and this decrease is nonlinear. When

6

air temperature increased from 850◦ C to 1100◦ C, this time decreased by 55%
for water/Diesel fuel droplets and only by 14% for rapeseed oil/water droplets.
150

The reason for the difference in the behaviour of these droplets is not clear to
us. The trend for the time to micro-explosion to decrease with increasing air
temperature is related to an exponential decrease in the evaporation time of
both droplet components with temperature.
The plots of the observed time to micro-explosion versus the volume fraction
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of fuel in two-component droplets are shown in Fig. 5. The droplet sizes were
the same as in the case shown in Fig. 4. Air temperature was 950◦ C, and the fuel
volume fractions varied from 3% to 97%. As one can see from Fig. 5, minimal
times to micro-explosion were observed when the difference between the volume
fractions of fuel and water was maximal, which corresponded to fuel volume
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fractions 3% and 97%. The behaviour of the times to micro-explosion for the
intermediate values of fuel volume fractions turned out to be rather complex.
As follows from our video recording of the process, the super-heating of the
water/Diesel fuel interface takes place in very localised regions.
The results shown in Figs. 4 and 5 and the dependence of the time to micro-
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explosion on droplet radii, to be shown later, make it possible to control the
times to micro-explosion in specific regions of the combustion chamber. This
result is important for practical applications including those in internal combustion engine designs.
3.2. Formation and dynamics of child droplets
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The time dependence of the normalised droplet diameter squared versus time
for representative non-mixed and premixed droplets is shown in Fig. 6a. In all
cases the initial droplet radii were 0.84 mm, but air temperatures varied from
one experiment to another. The images of parent and child droplets at various
stages of puffing and micro-explosion are shown in Figs. 6b-6f.
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The dynamics of a non-mixed droplet with volume fractions of water 10%
and Diesel fuel 90% are shown in Fig. 6b. Air temperature in this case was
950◦ C. Three stages of the dynamics of the parent droplet can be clearly seen
7

in this figure. The slow growth of droplet diameter during Stage I could be
attributed to thermal swelling and the slow growth of vapour bubbles. The
180

evaporation at this stage is expected to be weak. At Stage II, approximately
0.35 s after droplet release, the droplet diameter increases rapidly showing the
development of the puffing process which can be clearly seen on the droplet
image taken during this period. This puffing is followed by a rapid development
of the micro-explosion and formation of many child droplets during Stage III.
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The dynamics of a droplet similar to the one shown in Fig. 6b but for a
volume fraction of water 10% and of rapeseed oil 90% are shown in Fig. 6c. In
this case we can see not three but four stages in the development of the process.
Initially, during Stage I, droplet diameter remains almost constant which shows
the balance between swelling and evaporation processes. After this initial stage,
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a slow growth in the droplet can be seen during the remaining part of Stage I,
as shown in Fig. 6b. The droplet dynamics in the following stage (Stage II) look
rather different. In Fig. 6c we can clearly see a reduction, rather than growth,
in droplet size. This is attributed to droplet breakup leading to a detachment
of small sub-droplets from the droplet surface as illustrated by the images taken
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at approximately 0.35 s and 0.45 s. Stages III and IV show the rapid growth of
droplets and their micro-explosion as in the cases of Stages II and III shown in
Fig. 6b.
The dynamics of a droplet similar to the one shown in Fig. 6b but with
volume fractions of water 97% and Diesel fuel 3% are shown in Fig. 6d. In this
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case, during Stage I, the droplet diameter remains almost constant which indicates the balance between droplet swelling and evaporation, as shown in Fig.
6c. At Stage II, a slow growth in droplet diameter, attributed to the formation
of a vapour bubble, can be seen. This growth is followed by a rapid decrease
in the droplet diameter until it reaches approximately 0.6 of the droplet initial
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diameter, which is attributed to bubble release leading to droplet fragmentation
(not micro-explosion). Then we see another increase in the droplet diameter, attributed to the growth of another bubble, followed by a decrease in the diameter
associated with the development of a micro-explosion.
8

The dynamics of a premixed (emulsion) droplet with a volume fraction of
210

water 10% and of rapeseed oil 90% are shown in Fig. 6e. Air temperature in
this case was 1050◦ C. As one can see from this figure, Stage I is characterised
by a visible decrease in droplet diameter due to evaporation without distorting
the shape of the droplet. During Stage II, droplet diameter remains almost
constant which indicates a balance between droplet evaporation and the growth
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of internal bubbles. Finally, during Stage III, droplet diameter rapidly decreases
due to micro-explosion development and the formation of fine aerosols.
The dynamics of a droplet similar to the one shown in Fig. 6e but with
a volume fraction of water 10% and of Diesel fuel 90% are shown in Fig. 6f.
Air temperature was 1000◦ C. In this case, Stage I is characterised by a visible
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decrease in droplet diameter due to evaporation that does not distort the shape
of the droplet. At Stages II and III one can see very large oscillations in droplet
diameter, attributed to the growth and collapse of bubbles. Eventually a microexplosion takes place (Stage IV).
The time evolution of the total area of the droplets and aerosol cloud, de-
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veloped after the micro-explosion, is shown in Fig. 7. Droplets with a volume
fraction of water 10% and of Diesel fuel 90% (Fig. 7a) and volume fraction of
water 10% and of rapeseed oil 90% (Fig. 7b) were studied. Air temperature was
1100◦ C in the case shown in Fig. 7a and 980◦ C in the case shown in Fig. 7b.
In both cases the initial droplet radii were 0.84 mm. As one can see from this
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figure, the total surface area of the aerosol cloud increases 100-200 times compared with that for the parent droplet. In both cases shown in Fig. 7 this area
continued to grow after the time instant when a micro-explosion took place.
The time evolutions of the bubble radii for non-mixed droplets with a volume
fraction of water 10% and of rapeseed oil 90%, and volume fraction of water
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97% and of rapeseed oil 3% are shown in Fig. 8. Air temperature in the first
case was 850◦ C, while in the second case it was 980◦ C. In both cases, the initial
droplet radii were 0.84 mm. As can be seen from this figure, bubbles formed
and collapsed during very short time periods in both cases. In the case of water
rich droplets, bubble formation and collapse took place later than in the case
9
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of fuel rich droplets. We could not observe any bubbles in premixed (emulsion)
droplets as these droplets are not transparent. The presence of these bubbles
in the droplets, however, can be inferred from the results and images shown in
Fig. 6f.
3.3. Micro-explosion and autoignition
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In the experiments described above, micro-explosions were often accompanied by autoignition of the fuel vapour mixture. Since the total autoignition
delay time is commonly considered to be the sum of the physical and chemical
delay times [22], the micro-explosions, strongly affecting the physical delay, are
expected to have a strong influence on this time. Hence, the importance of
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studying both processes together. This is done in the current section.
In our experiments, the autoignition of the fuel vapour/air mixture in the
presence of child droplets and aerosol clouds was observed both in air flow and
during contact of these child droplets and clouds with the inner furnace walls.
At the same time, autoignition was not observed during the contact of parent
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droplets with these walls. In the latter case droplet rapid fragmentation was
typically observed. In all cases, autoignition was seen only at temperatures
greater than 950◦ C. It was observed that micro-explosions typically triggered
autoignition in the whole domain, while puffing led to local autoignition. For
flows with premixed droplets, autoignition was not observed.
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Typical images showing the development of micro-explosions and autoignition of aerosol clouds, formed as a result of the micro-explosion of a droplet with
a volume fraction of water 10% and of Diesel fuel 90%, are shown in Fig. 9. The
droplet radius was 0.84 mm, while the air temperature was 1100◦ C. As one can
see from this figure, the spread of the aerosol cloud follows the micro-explosion
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rather quickly (1.7 ms in the case shown in Fig. 9). Then after about 0.5 ms
the first signs of autoignition can be clearly seen. During the following 3.2 ms
the flame spreads over a large region around the droplet.
Using images similar to those shown in Fig. 9 the autoignition delay times for
composite droplets were obtained. These were compared with the autoignition
10
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delay times for pure Diesel fuel and pure rapeseed oil droplets. In the latter
cases we could not use the setup shown in Fig. 1 as the droplet transfer time
was much less than the autoignition delay time. Instead, the experimental
methodology described in [25] was used. In this methodology, a furnace similar
to the one shown in Fig. 1 was used, but the axis of this furnace was not
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vertical but horizontal. A droplet of liquid fuel was placed in the centre of
the furnace on a tiny holder of diameter 0.62 mm. This holder was introduced
into the furnace with the help of a special mechanism. Video recording of the
autoignition process was performed with the help of a high-speed video camera.
The plots of time to micro-explosion and autoignition delay times for Diesel
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fuel based and rapeseed oil based droplets versus air temperature are shown in
Fig. 10. The following droplets were considered: droplets with a volume fraction
of water 10% and of Diesel fuel 90% and pure Diesel fuel droplets (Fig. 10a),
and droplets with a volume fraction of water 10% and of rapeseed oil 90% and
pure rapeseed oil droplets (Fig. 10b). The initial droplet radii in all cases were
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0.84 mm.
As follows from Fig. 10a, the autoignition delay for both Diesel fuel and
Diesel fuel/water droplets decreases with temperature, but the autoignition delay of Diesel fuel/water droplets is almost an order of magnitude shorter than
that of pure Diesel fuel droplets. Moreover, the autoignition delay time for
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Diesel fuel/water droplets turned out to be almost the same as the time to
micro-explosion for these droplets. This is an expected result as the total autoignition delay is equal to the sum of the physical and chemical autoignition
delays. The former is reduced dramatically as a result of the micro-explosion.
The chemical ignition delay for Diesel fuel is expected to be very small (a frac-
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tion of a millisecond, see [22]).
Essentially the same trends as shown in Fig. 10a can be seen in Fig. 10b
for rapeseed oil and rapeseed oil/water droplets. The main differences between
these two cases are: 1) the autoignition delay times for rapeseed oil and rapeseed
oil/water droplets are longer than those for Diesel fuel and Diesel fuel/water
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droplets; 2) the difference between the autoignition delay times and the time to
11

micro-explosion is visibly larger for rapeseed oil/water than for Diesel fuel/water
droplets. This might be attributed to the different thermophysical properties of
the two fuels and different chemical ignition delays, although this problem has
not been investigated so far to the best of our knowledge.
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4. Modelling of the phenomena
As mentioned in the Introduction, the most advanced models of puffing
and micro-explosion processes were suggested and developed in [18, 19]. These
models were based on the Direct Numerical Simulation of the processes involved
with tracking the interfaces between water and fuel, water and water vapour,
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water vapour and fuel, and fuel and air. The main difficulty with the application
of these models to the analysis of the experimental data, described earlier, is
that they require the identification of the exact initial position of the water
sub-droplet in the fuel droplet. In the case of a supported droplet this could be
done using the methodology described in [14]. Unfortunately, it would be very
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difficult to do this in our experiments with free falling droplets.
Among simplified models of the phenomenon we can single out the model
described in [16]. This model is focused on the late stage of the development of
puffing/micro-explosion when water inside fuel droplets has evaporated and the
problem reduces to the interaction between water vapour and the surrounding
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liquid fuel shell. The stability analysis of the system was performed assuming
that this fuel shell is initially spherical. This allowed the author to predict the
number and average diameter of the droplets, generated as a results of the shell
rupture, as a function of the initial thickness of the shell. Thus, this model
could potentially predict typical sizes of the droplets generated during micro-
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explosions but not the times to puffing/micro-explosions.
One of the predictions of the model, which could be potentially compared
with experimental data, is that the most probable diameter of the child droplets
is approximately equal to 0.27 of the initial thickness of the fuel shell surrounding
water vapour. We cannot infer the value of this thickness from our experiments,

12

but we can anticipate that it is proportional to the original thickness of this shell
surrounding water. Considering the case when water in the composite droplet
occupies 10% of the overall volume of the droplet and remembering the key
assumption of the model described in [16] that the water sub-droplet is spherical
and is located in the centre of a spherical composite droplet, the radius of the
water sub-droplet can be estimated as:
Rw = 0.11/3 Rd .
This allows us to estimate the original thickness of the fuel shell as


δf s = Rd − Rw = 1 − 0.11/3 Rd ≈ 0.536Rd .

(1)

The plots of the observed numbers of child droplets Ndroplet versus the radii
of the child droplets for 3 droplets, 5 µl, 10 µl and 15 µl, are shown in Figure 11.
These droplet volumes correspond to droplet radii 1.06 ± 0.05 mm, 1.33 ± 0.05
mm and 1.53 ± 0.05 mm, respectively. In all cases, ambient gas temperature
330

was 400◦ C and water occupied 10% of the overall volume of the droplets.
In all three cases in this figure one can see clear maxima for Ndroplet at
certain values of the radii of child droplets Rcd . These maxima were observed
at Rcd = 0.095 mm, Rcd = 0.095 mm and Rcd = 0.085 mm for droplets with
volumes 5 µl, 10 µl and 15 µl, respectively. This indicates no visible increase in
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δf s with Rd , in contrast to the prediction of Equation (1).
There are several factors which might contribute to this discrepancy between
the prediction of the model suggested by [16] and experimental data. The
most obvious is the key assumption of this model that the water sub-droplet
is spherical and is located in the centre of a spherical composite droplet. This
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assumption is not compatible with our observations.
Similarly to the model described in [16], a more recent model described in [5]
is also based on the assumption that the fuel shell is spherically symmetric. In
contrast to [16], the authors of [5] assumed that liquid water (not water vapour)
is surrounded by the fuel shell. The focus of the model described in [5] is on
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the heating of both water and the fuel shell which makes it complementary to
13

the model described in [16].
One of the main advantages of the model developed in [5] is that it is able
to give a crude prediction of the time to micro-explosion, which is an easily
measurable parameter. This model is based on an application of the analytical
350

solution to the heat transfer equation for the temperature inside a composite
(fuel/water) droplet as a function of the distance from its centre and time. A
composite droplet involves a small spherical water sub-droplet placed in the
centre of a fuel (n-dodecane) droplet. The temperature at the surface of the
droplet is assumed to be equal to the fuel boiling temperature or slightly below
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this temperature. Based on the above-mentioned analytical solution, the time
instant when the temperature at the water/fuel interface reaches the water
boiling temperature is found. This temperature indicates the start of the puffing
process which is believed to quickly lead to a micro-explosion.
This model was applied to the analysis of the experiments described in [13],
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where the micro-explosion of relatively small (< 0.25 mm) droplets was studied.
Our model predicted an increase in the time to puffing/micro-explosions when
the fuel droplet diameters increased and water and fuel mass fractions were
constant. This result agreed with experimental findings.
In what follows we attempt to apply the model described in [5] to the anal-
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ysis of experimental data presented in the previous section. We approximated
Diesel fuel with n-dodecane, but used a range of boiling temperatures typical of
realistic Diesel fuels (489.47 K – 620 K). The values and approximations of thermophysical properties of rapeseed oil, taken from [26] and used in our analysis,
are shown in Table 1.
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Experimental data for air temperature 950◦ C and droplet initial room temperature 20◦ C were used in the modelling. Two types of composite non-mixed
droplets were considered: 1) droplets with a volume fraction of water 10% and
of Diesel fuel 90%; 2) droplets with a volume fraction of water 10% and of
rapeseed oil 90%. The droplet surface temperature was taken equal to 477 K
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(boiling temperature of rapeseed oil) for droplets with rapeseed oil, and three
values of droplet surface temperature (489.47 K, 513 K and 620 K) were used
14

Table 1: Rapeseed oil thermophysical properties and approximations.

Parameter

Value (T is in ◦ C)

Boiling temperature [◦ C]
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Density [kg/m3 ]

-0.689 T + 921.72
◦

Specific heat capacity [J/(kg C)]

1.9 T + 1962

Thermal conductivity [W/(m ◦ C)]

0.0003 T + 0.1736

for modelling droplets with Diesel fuel. 513 K is the boiling temperature of
n-dodecane.
The experimentally observed times to micro-explosion, and those predicted
380

by the model for both types of droplets for a range of initial droplet radii 0.6
mm to 1.4 mm are compared in Fig. 12. As can be seen from this figure, for
small droplets with initial radii close to 0.6 mm the predictions of the model for
both types of droplets are close to the experimental results. For larger droplets,
however, we can see clear deviations between the model predictions and ex-
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perimental data, although the predicted increase in this time with increase in
droplet radii is compatible with the observed increase in this time. Also the
order of magnitude of the predicted and observed times is similar. The modelled results for droplets containing rapeseed oil lie between those for droplets
containing Diesel fuel with boiling temperatures of 489.47 K and 513 K.
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The deviation between modelling and experimental results did not surprise
us. The model is essentially based on the assumption that the water sub-droplet
is located in the centre of the fuel droplet as in the case of the model descibed
in [16]. At the same time our observations show that bubbles preceding microexplosions develop away from the centre of the droplets, especially for larger
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droplets (cf. the images shown in Fig. 6). In this case, we would expect that
the temperature at the surface of a water sub-droplet would reach the boiling
point of water more quickly than predicted by the original model described in
[5]. This is compatible with the results shown in Fig. 12.
To summarise, we can conclude that the model developed in [5] can predict

15
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some correct trends regarding the time to micro-explosion observed experimentally, and correct orders of magnitude for the values of this time. For relatively
small droplets (with initial radii close to 0.6 mm) the values of the time to microexplosion predicted by the model and observed experimentally are reasonably
close.
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To the best of our knowledge, the modelling of the total autoignition delay
is always based on the assumption that it can be estimated as a sum of physical
and chemical autoignition delays. The physical autoignition delay takes into account droplet breakup, heating and evaporation, followed by the diffusion and
convection of fuel vapour into air. The chemical autoignition is controlled by
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chemical reactions leading to explosion of the fuel vapour/air mixture. In the
case of the experiments described in the previous section the physical autoignition delay is controlled mainly by the time to micro-explosion.
The rigorous modelling of chemical autoignition, even for a single hydrocarbon, would need to take into account hundreds of species and thousands of
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chemical reactions. For example, the comprehensive kinetic mechanism for autoignition of cyclohexane comprises 499 species and 2323 reactions [27]. The
authors of [27] managed to replace this with a reduced mechanism, comprising
50 species involved in 143 reactions. Even this reduction, however, would not
have solved the problem of modelling the autoignition of realistic Diesel fuels
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comprising more than a hundred components [28]. An alternative approach to
modelling the autoignition of Diesel fuel is based on the application of the Shell
model [29, 30]. The adaptation of this model to modelling the autoignition
of rapeseed oil has not been investigated to the best of our knowledge. Even
simpler models of Diesel spray autoignition based on a single Arrhenius-type
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chemical reaction have been used in many papers, including [31].
In the case of Diesel fuel, the application of the Shell model was justified
by the fact that the chemical autoignition delay for this fuel is generally much
shorter than the physical autignition delay and this is confirmed by the results
shown in our Fig. 10. Using the latter figure we can take one step further and

430

ignore the contribution of chemical autoignition delay altogether. This delay is
16

expected to be comparable to the errors in the estimate of the time to microexplosion.

5. Conclusions
Micro-explosion is shown to be the dominant mechanism of disintegration
435

of non-mixed fuel/water droplets in the range of air temperatures 850-1050◦ C,
while puffing led to droplet disintegration only in the case when the volume fraction of fuel was small (3%). In the case of premixed droplets, micro-explosions
were observed only at temperatures greater than 1000◦ C. In this case, they were
preceded by droplet evaporation and a small increase in size of a parent droplet.
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When the air temperature was increased from 850◦ C to 1050◦ C the time before
the start of of disintegration via puffing of premixed droplets decreased by 1.11.5 times. Time to puffing for these droplets decreased by 1.6-1.8 times when the
air temperature increased from 800◦ C to 1000◦ C. The times to micro-explosion
of these droplets decreased by 1.1.-1.4 times when the air temperature was in-
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creased from 1000◦ C to 1100◦ C. When the volume fraction of fuel increased
from 3% to 97%, the time to micro-explosion of premixed droplets decreased by
5-15%.
It was shown that the autoignition delay time for composite Diesel fuel/water
droplets is almost the same as the time to micro-explosion of these droplets.
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This time is also much shorter than the autoignition delay time of pure Diesel
fuel droplets in similar conditions. The autoignition delay time for composite
rapeseed oil/water droplets was shown to be slightly longer than the time to
micro-explosion of these droplets. This time was seen to be almost an order of
magnitude less than the autoignition delay time of pure rapeseed oil droplets in

455

the same conditions.
The observed increase in the time to micro-explosion of composite droplets
of increasing droplet size is shown to be consistent with the prediction of the
previously developed model for droplet puffing/micro-explosion based on the
assumption that the water component forms a spherical sub-droplet located in

17

460

the centre of the fuel droplet. Actual values of this time were shown to be
noticeably shorter than predicted by the model except for those of relatively
small droplets with initial radii close to 0.6 mm.
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Figure Captions

Fig. 1 A schematic presentation of the setup used in the experiments.

620

Fig. 2 Typical images showing bubble growth, puffing, and micro-explosions
of droplets and autoignition of the fuel vapour/air mixture: (a) a non-mixed
droplet with a volume faction of water 10% and of rapeseed oil 90%; (b) a nonmixed droplet with a volume fraction of water 10% and of Diesel fuel 90%; in
both cases the initial droplet radii were 0.84 mm and air temperature was 980◦ C.

625

Fig. 3 Typical video images showing our approach to calculation of key parameters characterising the micro-explosion process: (a) cross-sectional area of
the furnace; (b) dynamics of bubble growth inside a non-mixed droplet during
the puffing process (the volume fraction of water 10% and volume fraction of
630

rapeseed oil 90%, initial droplet radius 0.84 mm and air temperature 850◦ C);
(c) a non-mixed droplet and aerosol cloud growth (volume fraction of water 10%
and volume fraction of Diesel fuel 90%, initial droplet radius 0.84 mm and air
temperature 1050◦ C).

635

Fig. 4 Average observed times to micro-explosion versus air temperatures
for free falling droplets with initial radii 0.84 mm. The solid curve refers to a
non-mixed droplet with a volume fraction of water 10% and of rapeseed oil 90%,
while the dashed curve refers to a non-mixed droplet with a volume fraction of
water 10% and of Diesel fuel 90%. In both cases error bars are shown.

640

Fig. 5 Average observed times to micro-explosion versus volume fraction
of fuel for free falling droplets with initial radii 0.84 mm and air temperature
950◦ C. The solid curve refers to water/rapeseed oil droplets while the dashed
curve refers to water/Diesel fuel droplets. In both cases error bars are shown.
645
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Fig. 6 (a) Time evolution of normalised diameters squared for the processes
shown in Figs. 6b-6f (letters near the curves refer to the figure where the details
of the process are shown; the initial droplet radii in all cases were 0.84 mm); (b)
a non-mixed droplet with a volume fraction of water 10% and of Diesel fuel 90%
650

in air with temperature 950◦ C; (c) a non-mixed droplet with a volume fraction
of water 10% and of rapeseed oil 90% in air with temperature 950◦ C; (d) a
non-mixed droplet with a volume fraction of water 97% and of rapeseed oil 3%
in air with temperature 950◦ C; (e) a premixed droplet with a volume fraction
of water 10% and of rapeseed oil 90% in air with temperature 1050◦ C; (f) a

655

premixed droplet with a volume fraction of water 10% and of Diesel fuel 90%
in air with temperature 1000◦ C. Various stages of the processes are described
in the paper.

Fig. 7 Time evolution of the area of the liquid/air interface (droplets or
660

aerosol clouds) during a non-mixed droplet micro-explosion: (a) a droplet with
a volume fraction of water 10% and of Diesel fuel 90% in air with temperature
1100◦ C; (b) a droplet with a volume fraction of water 10% and of rapeseed oil
90% in air with temperature 980◦ C; in both cases the initial droplet radii were
0.84 mm. Inserts show the dependence of the normalised areas on the air tem-

665

perature.

Fig. 8 Time evolution of bubble radii during a non-mixed droplet puffing/microexplosion: (a) a droplet with a volume fraction of water 10% and of rapeseed
oil 90% in air with temperature 850◦ C; (b) a droplet with a volume fraction of
670

water 97% and of rapeseed oil 3% in air with temperature 980◦ C; in both cases
the initial droplet radii were 0.84 mm.

Fig. 9 Typical video images showing the autoignition process of a non-mixed
droplet with a volume fraction of water 10% and of Diesel fuel 90% in air with
675

temperature 1100◦ C; the initial droplet radius was 0.84 mm.

25

Fig. 10 Autoignition delay times versus air temperature for pure fuel droplets
(filled triangles) and non-mixed droplets with a volume fraction of water 10%
and of fuel 90% (filled circles); times to micro-explosions of non-mixed droplets
680

with a volume fraction of water 10% and of fuel 90% (filled squares). Plots
(a) and (b) refer to the cases when the fuels were Diesel fuel and rapeseed oil,
respectively. In both cases the initial droplet radii were 0.84 mm.

Fig. 11 The distributions of the number of child droplets by their radii (Rcd )
685

for three initial volumes of droplets, 5 µl, 10 µl and 15 µl, for a mixture of 90
vol% Diesel fuel and 10 vol% water. Ambient gas temperature was 400◦ C. Vertical bars show the values of Rcd at which the number of droplets was measured
and the errors of these measurements.

690

Fig. 12 The plots of the time to micro-explosion inferred from experimental
data for droplets with a volume fraction of water 10% and of Diesel fuel 90%
(triangles), and for droplets with a volume fraction of water 10% and of rapeseed
oil 90% (squares). Average values of this time for droplets with Diesel fuel
(rapeseed oil) points are connected with solid (dashed) lines. Predictions of the

695

model for droplets with a volume fraction of water 10% and of Diesel fuel 90%,
and for surface temperatures 489.47 K, 513 K, and 620 K are shown by filled
circles, circles, and filled diamonds, respectively. Predictions of the model for
droplets with a volume fraction of water 10% and of rapeseed oil 90% for surface
temperature 477 K are shown by crosses.
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