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Abstract

Clean and efficient processing of heavy fuels is a major challenge for several
combustion driven prime movers like internal combustion engines, used in
marine or power generation sectors. Emulsification was recognized in the
past as practical technology for heavy fuels combustion since it engenders
an enabling phenomenon called micro-explosion that proceeds during the
spray process. Micro-explosions allow finer secondary break-up, leading to
improved mixing, and subsequent cleaner and fuller burning. However, the
translation of this technology to real applications is still not fully exploited
due to lack of basic understanding and characterization of the evaporation
process which includes both micro-explosions and puffing. Ultrasonically in-
duced cavitation is a promising technology for the production of water-in-oil
emulsions at industrial scale. Fundamental research performed in the field of
liquid fuels gasification and combustion mostly regards ideal or simple mix-
tures and not all the considerations made in these cases apply for real fuels.
In this work, we investigated the evaporation characteristics of ultrasoni-
cally produced heavy fuel oil (HFO) emulsions with a set of newly developed
methodologies. We characterized the emulsions by using a state-of-the-art
microscopy technique, the Cryogenic Scanning Electron Microscopy, Cryo-
SEM and obtained accurate droplet size distribution up to nano-scale. We
tested the fuel emulsion in a suspended droplet experiment and reconstructed
the interface from the obtained images. The normalized squared diameter
profile is not representative of the complex physics involved in heavy fuel
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evaporation; therefore, it was substituted with the normalized distance of
the interface from the centroid of the droplet. By using this procedure, it is
possible to highlight both evaporation and stochastic events like puffing and
ejections. A dimensionality reduction algorithm, the dynamic mode decom-
position (DMD), was then performed on the evolving interface to highlight
the main modes describing the emulsion system and the dynamics. The
overall objective was to develop a strategy for optimizing emulsions for im-
proved combustion performance. From the experimental data, it was ob-
served that a water concentration of 5% by mass decreases the vaporization
time of the mixture and that the presence of water favors puffing and ejec-
tions with different intensity depending on the percentage of water enhancing
the volatilization of the fuel.

Keywords: Emulsions, Suspended Droplet, Heavy Oils, Dynamic Mode
Decomposition

1. Introduction

A variety of applications involve the atomization of a multi-component
liquid. Among the various applications, gasification and combustion of bioderived
and heavy fuels play an essential role in the energy market. The fluid dynam-
ics associated with a spray is extremely complicated (1). Thermodynamics
related phenomena, as well as reactivity, further complicate the picture. The
experimental evidence demonstrates that when a liquid with a wide boil-
ing range is exposed to high temperature, differential evaporation occurs
(2). Differential evaporation causes thermally induced secondary atomiza-
tion, which eventually takes place in droplets generated after the primary
breakup of a spray. The Lewis number is a dimensionless number that com-
pares the intensity of heat conductivity and mass diffusion. It is defined as
follows:

Le =
α

Γ
(1)

where α is the thermal diffusivity and Γ the mass diffusion coefficients.
If the Lewis number is higher than one, as in the case of heavy fuels, mass

transfer is expected to be slower than heat transfer. When the temperature
of a droplet of fuel rises above the boiling point of the dispersed volatile
they do not migrate to the surface fast enough but tend to form bubbles in
the liquid. The bubbles nucleated in the liquid eventually grow because of
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increasing temperature, migration of other volatiles or coalescence, resulting
in larger bubbles.

A bubble in equilibrium in a liquid medium follows the Laplace equation.
When the pressure overcomes the surface tension contribution, the liquid-
gas interface is unstable and an ejection of gas takes place (1; 2; 3). The
ejection may result in the formation of several micron-sized droplets and
the formation of a liquid jet ending with the rupture of the ligaments and
formation of another micron-sized droplet.

The phenomenon previously described is named as puffing if related to
liquid droplet (4).

Another phenomenon which may take place during single droplet evapo-
ration (and eventual combustion) is the micro-explosion. When the bubble
is too large and cannot escape from a limited region, it generates an implo-
sion of the droplet which causes a complete disruption and creation of many
satellites particles (5; 2; 6; 7; 8; 9). Those phenomena require an appropri-
ate description and dedicated models, capable of representing the complex
physics that occurs during the evaporation of a single droplet. The d2 law
cannot be used to describe the evaporation rate of a single droplet of this
type of fuel. This behavior is experienced with both bio-fuels and heavy
oils and it is particularly enhanced by the presence of water in the form of
emulsions (10; 11; 12; 13).

In the last years, Ultrasonically Induced Cavitation (UIC) became an ef-
fective method for forming emulsions also on a large scale (14). It uses a
vibrating probe to create pressure oscillation within the liquid; pressure os-
cillation generates the formation of bubbles, and the bubbles’ collapse creates
very powerful mixing by nano-scale localized zones of extreme pressures (500
atm) and temperatures (∼3500 ◦C) (15). A significant advantage of applying
UIC to heavy fuels’ emulsification is the breakup of the asphaltene clusters
in the oil, transforming them into a stabilizing agent (16).

Water droplet size distribution (DSD) within the oil is recognized as the
main parameter influencing evaporation and combustion of heavy fuels (17);
emulsions produced via UIC have an average droplet size one order of mag-
nitude lower than mechanically produced emulsions. A new methodology,
based on Cryogenic Scanning Electron Microscopy (Cryo-SEM) (18) was de-
veloped to characterize the fuel. Evaporation characteristics of raw and emul-
sified fuel were also studied using a suspended droplet experiment.

In a suspended droplet experiment, the sequence of images of the droplet
exposed at high temperature is collected with a high-speed camera. The im-
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ages are then binarized to extrapolate data relative to the evolution of the
droplet surface in time. Since the problem is not axial-symmetric, a new
methodology is proposed instead the traditional calculation of the normal-
ized squared diameter used for symmetric droplets. The projected interface
evolution is a more comprehensive parameter to measure, which allows one to
capture and highlight the deformation due to puffing and micro-explosions.
The coupling of spatial and temporal information suggests the usage of a
more advanced technique of post-processing which may eventually lead to
the extrapolation of coherent structures behind the simple experiment. The
Dynamic mode decomposition (DMD) (19) is performed on the evolving in-
terface to capture the main modes governing the system and their dynamics.
The idea of studying the whole interface of the droplet, rather than its nor-
malized squared diameter (NDS) profile, grew from the fact that the droplet
is not spherical during the entire the process, and using the NDS implies a
loss of information. The experimental methodology and the reduced-order
model are presented briefly in the first part of this paper. The results are
then discussed, highlighting the differences among four test cases having 0,
5, 10 and 20 wt% water. The conclusions are then clarified around the main
findings.

2. Experimental setup and methodology

The fuel used in this work was heavy fuel oil, HFO-380. An extensive
characterization of the fuel has been made in other work from this group
(20). It is essential to report that the asphaltene percentage in the fuel is
8% by weight. The emulsified fuel was prepared by mixing DI water into
a beaker containing HFO and running UIC for one hour. The amount of
fuel was kept constant and water was added as needed. No surfactant was
used for the preparation of the fuel, and all analysis and experiments were
performed within two hours from the fuel preparation. The Hielscher UP400,
at a frequency of 22 kHz, was used to sonicate the fuel. The cycles per second
parameter was dictated by the need to maintain the temperature of the fuel
below 60 ◦C, and it was set to 0.4. Cryo-SEM was used to image the emulsified
fuel. The SEM facility was a Nova Nano equipped with a cryo-preparation
chamber and a cryo-stage. Droplet size distribution (DSD) was obtained
from images of the plane of rupture of frozen water in oil emulsions. The
resolution of the instrument is 2 nm, significantly lower than commonly used
optical microscopes having resolution in the order of 200 nm. Figure 1 shows
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two of the images obtained from the analysis of the emulsified fuel.

Figure 1: Frozen water in oil droplets imaged from a sample containing 20% water in
HFO.

A layer formed by asphaltenes and resins surrounded the water droplet,
which was emptied through vacuum applied after the freezing step of the
Cryo-SEM method. Several authors recognized the role of asphaltenes in
stabilizing emulsions (21; 22; 23). Ten images were analyzed for each sam-
ple, to calculate the DSD. The droplet size was measured by adaptive Hough
transform (24) which is commonly used for circles detection. The measure-
ment was performed using samples of plain liquid prior immission on the
thermocouple. The fraction of water detected in the images was always
within 2% by volume of the amount of water introduced in the mixture. The
uncertainty in the calculation is mostly given by two factors. First, the den-
sity of oil and water change at different rates with temperature and second,
it was assumed that all the droplets imaged were cut exactly in half. The
evaporation characteristics of raw and emulsified fuels were tested in droplet
evaporation and combustion facility. Figure 2 shows a schematic of the sus-
pended droplet experimental setup. The HFO droplet was suspended on a
type S thermocouple made of platinum (Pt) and Platinum-rhodium (Pt-Rh,
13 wt% Rh) wires with a diameter of 75 µm. The reactor consists of a quartz
tube (id = 134 mm, and length = 750 mm) vertically oriented. A tube fur-
nace (Lindberg/blue, HTF55000 series with standard Lindberg 58000 series
control consoles) was used to increase and regulate the temperature within
the reactor. The convective air stream flowing inside the quartz tube required
pre-heating which was obtained through an inline heater (Sylvania heater,
F074719, 8000 W). The pre-heated air was supplied from the bottom of the
furnace. A ceramic honeycomb was placed at the top and at the bottom
of the furnace to ensure uniform air distribution around the droplet. The
airflow rate at the droplet location was kept constant at 20 slpm yielding
a velocity of 8.2 cm s−1. The droplet suspension on the thermocouple bead
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Figure 2: Experimental setup.

is performed through a micro-syringe containing the heavy fuel oil sample.
The experiment begins with the insertion of the thermocouple bead into the
heated air stream flowing through the quartz tube.

The thermocouple stem is attached to a programmed 2-D translation
mechanism and introduced from a side hole in the quartz tube to the furnace.
The temperature is measured at three different locations inside the reactor.
The temperature in the area where the droplet is suspended fluctuates by
a maximum of 5 ◦C after reaching the steady-state. The radial temperature
profile of the co-flow air was also measured during the experiment in a range
of 50 mm from the droplet insertion central position showing a uniform tem-
perature distribution. An air-cooled shield surrounds the thermocouple until
reaching the centre of the reactor, to reduce the heat transfer from the heated
air to the heavy fuel oil droplet during droplet insertion inside the furnace.
The temperature was acquired using NI114 data acquisition card recording
the droplet temperature data at 14 Hz sampling rate. The shadowgraph
imaging technique was used to highlight the suspended droplets exposed at
high temperature. More details about the experimental setup can be found in
previous works from our group (25). A high-speed camera (Imager HS) cap-
tured images at a frequency at a ratio of 1000 frames/s. The time scale was
chosen based on the necessity for capturing puffing and eventual oscillations
on the droplet surface, while maintaining a reasonable spatial resolution of
800x600 px. Other authors reported similar frame rates (26; 12). The droplet
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size ranged from 600 to 1000 µm. Upper and lower bounds of droplet size for
the tests were decided according to the necessity to limit the influence of the
thermocouple, and because of the tendency of the droplet to enlarge and fall
with increasing temperatures. The temperature of the chamber was main-
tained at 700 ◦C at atmospheric pressure. The interface was reconstructed
from the images by calculating the gradient over the image domain and then
applying a threshold discriminating among liquid and bulk gas. An error of
5% in the size of the obtained area was estimated by summing the noise of
the camera and the error associated with the calculation of the gradient. The
interface was then projected over the arc length by measuring the distance
from the centroid of 1000 equally spaced support points. The interface pro-
jection obtained was normalized by the projection of the initial frame. The
need for normalization occurred because the shape of the particle was not
perfectly spherical due to the presence of the thermocouple. Figure 3 shows
the results of the process.

a b c

Figure 3: Raw image (a), reconstructed interface (b) and normalized interface distance
(c).

The dynamic mode decomposition (DMD) was performed on the data
obtained to extract slow and fast modes and their time dynamics. DMD
allowed the extraction of dynamic information from spatial-temporal data.
The data collection process consisted of creating a matrix formed by N spatial
measurements and M snapshots collected in time. The spatial measurement
is represented by the array describing the projected interface. The various
snapshots were equally spaced in time. The data were then arranged in two
NxM matrices:

X = [x(t1)x(t2) · · · x(tM−1)] (2)

and
X ′ = [x(t2)x(t3) · · · x(tM)] (3)

The latter step consisted of locating the operator A defined as:

X ′ = AX (4)
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After performing a singular value decomposition (SVD) of the X operator A
was expressed as:

A = U∗X ′V Σ−1 (5)

The eigenvalues and eigenvectors of A were then calculated from:

Aw = λw (6)

And the DMD modes are expressed as:

φ = Uw (7)

3. Results and discussion

Four different cases were studied in this work: raw fuel, 5, 10 and 20 wt%
water-in-oil emulsions. The following sections describe the main findings
and explain how the new methodology was applied to extrapolate valuable
information from the experimental data.

3.1. Droplet size distribution

The droplet size distribution strongly influences the evaporation of emul-
sified fuels. It is therefore important to have an estimation of DSD prior the
analysis of the experimental results.

The stability of the emulsion is guaranteed by the presence of an asphaltene-
layer that surrounds the water droplets. Several authors reported that the
layer acts as a solid wall, opposing the coalescence of the water (22), (16).

Figure 4 shows the DSD of the three samples tested in this work. The
radii of the droplets ranges from approximately 5 nm to 2 µm . The water
percentage plays an important role. Increasing the fraction of water within
the mixture, the DSD shifts to higher values. The mean diameter measured
for the 20% w/o sample is 0.7 µm and it is substantially higher than 10 and 5
% which are 65 nm and 142 nm respectively. The mixing performed by UIC is
more effective when the water content is lower. Another relevant parameter
is the ratio between asphaltenes and water. Increasing the amount of water
and keeping constant the available surface that asphaltene can cover implies
the necessity to have larger droplets to reduce the contact area between water
and oil.
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Figure 4: Droplet size distribution of the emulsified samples.

3.2. Suspended droplet experiments

The performance of gasification and combustion devices involving liquid
fuels strongly depends on the history of the droplets within the spray. The
evaporation of heavy fuels like HFOs follows a peculiar dynamics. The pres-
ence of water enhances the complexity of the picture. This work reports
the vaporization of a single HFO droplet and its emulsions in a suspended
droplet facility. Four samples were tested having a water percentage of 0, 5,
10 and 20 wt % respectively. Figure 5 shows the temperature profile of the
four samples. The experiment begins with the entrance of the droplet in the
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Figure 5: Liquid phase temperature. The samples have a diameter which ranges from 0.96
to 1.03 mm.

hot environment. The liquid phase temperature of the four samples increases
sharply for 0.4 s following a linear trend. At this stage, internal vaporization
takes place, and the droplet-air interface starts to oscillate. When the tem-
perature becomes higher than 100 ◦C the heating curve of the 5% and 10%
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samples presents an inflexion followed by a plateau.
The surface of the raw fuel droplet oscillates around an increasing average

value (6 and 7). The expansion is caused by the rising temperature which
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Figure 6: Normalized squared diameter of a single raw HFO droplet having initial diameter
of 1.02 mm.
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Figure 7: Normalized squared diameter of a single raw HFO droplet having initial diameter
of 0.86 mm.

diminishes the density, which hides the superficial evaporation. Several au-
thors reported a similar trend in previous works (9; 27). The oscillations are
caused by the formation of the initial bubbles within the mixture. Figure 8
shows a series of snapshots of the raw fuel experiment from an experimental
run at different instants.

The shape of the droplet strongly deviates from the spherical shape while
the bubbles form and are ejected in the form of vapours. Boiling and sub-
sequent ejection of micro-bubbles determines the fluctuations of the normal-
ized squared diameter around its average value. The emulsified fuel shows
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0 s 0.120 s 0.125 s

0.215 s 0.220 s 0.225 s

0.605 s 0.610 s 0.615 s0.605 s

Figure 8: Evaporation process and breakup of the sample of raw fuel with initial diameter
of 0.86 mm. The diameter rises progressively in time and the oscillations of the surface
become more frequent. A clear oscillation shows the ejection of gas without formation of
sub droplets at the instant 0.225. The two time steps at 0.610 and 0.615 s present two
ejections with jet formation at very small scale.

different behaviour. While the initial fluctuating response is similar to what
observed for HFO, once the temperature encounters a plateau, the size of
the droplets increases substantially (Fig.9). The formation of large water
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Figure 9: Normalized squared diameter emulsified samples with an initial diameter in the
range 0.96-1.03 mm.

bubbles within the liquid causes the swelling of the droplet and leads to a
series of ejections accompanied by the so-called puffing. The diameter of the
droplet increases up to 2.5 times. All the emulsified samples experience the
extreme swelling while the temperature profile is flat. The reason behind
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Figure 10: Normalized squared diameter emulsified samples 0.78-0.84 mm.

this trend is that the heat given to the system during the process is mainly
absorbed as latent heat of vaporization. The occurrence of the plateaus at
different temperatures depends on the amount of water and, in particular,
on the size of the water droplets contained in the HFO. It can be noticed, in
particular, that, 5 and 10 % samples experience the expansion at a similar
temperature while the emulsion having 20% water expands earlier at 180 ◦C.
The Young-Laplace equation 8 of a bubble in equilibrium shows that the
pressure exerted on a bubble immersed in a liquid inversely proportional to
its radius.

∆P =
2σ

R
(8)

Smaller droplets of water result in higher pressure gradient and therefore,
higher temperature to reach in order for the water to boil. The pressure
gradient is often affected by the presence of a surfactant which has the role
of lower the surface tension. However, asphaltenes do not act as a com-
mon surfactant but they behave like a layer around the water droplets (22).
Therefore, presence of asphaltenes is not expected to drastically decrease the
surface tension at the oil/water interface (21; 23). The emulsified samples
presented an initial strongly fluctuating behaviour with a substantial change
in droplet size (Fig. 9 and 10).

After the initial fluctuations, they continued to oscillate but at a lower
frequency than before. The second period of activity takes place after the
ejection of water. The temperature profile begins to rise and the NDS present
lower frequency fluctuations similarly to the raw fuel. The ejection of light
components, having volatility in the range of diesel, becomes the dominant
mechanism. The samples containing more water had higher peak size and
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Figure 11: Evaporation process and breakup of the sample with 5% water and initial
diameter of 0.81 mm. The first part of high frequency fluctuations is showed together
with the substantial expansion at t=0.995 s. It can be noticed that the diameter is more
than twice the initial size, hence, four times larger surface. The expansion is followed by
a strong ejection. The ejection completely deforms the droplet which later gains spherical
shape again.

lower ejection frequency at the early stage (Fig. 8).
Coalescence and expansion are predominant, compared to the nucleation

of new bubbles. The high-intensity activity caused by the presence of water
was observed to last for almost 1 s for all the tests. The activity becomes
less intense after the initial agitation. Ejections during the high-intensity
period resulted in a loss of surface area ranging from 1-40% , meaning that
large bubbles are eventually formed in the mixture. The superposition of
different effects in the dynamics of droplet evaporation suggests that a sim-
ple measurement such as NDS is not sufficient to distinguish among them.
During the evaporation process which coincides with mass loss, also expan-
sion and fluctuations of the droplet surface are observed. The sum of these
phenomena has a huge impact on the droplet dynamics which cannot be
described by established methodologies valid for light fuels. It is therefore
difficult to quantify, and eventually, predict, the ignition or the amount of
gas released, key parameters in both combustion and gasification. The appli-
cation of Dynamic Mode Decomposition to this problem is intended as a way
discriminating among the different physical phenomena taking place during
the evaporation of heavy fuels.
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3.3. Dynamic mode decomposition

A new methodology for the post-processing of the data was developed
to account for the complexity of the vaporization process. The normalized
interface profile over the arc length (NID) was obtained from each image
at consecutive instants in time. The data collected from the experiment
and post-processed were then used to calculate the modes of the system
and their dynamics. This process allowed the separation of the stochastic
contribution identified by the fast modes, related to puffing and vapours
ejection, from a deterministic input described by slow modes, reasonably
associated with internal and superficial evaporation. The procedure was used
to characterize the first two seconds from the introduction of the droplet in
the reactor. A larger interval of time would have affected the capability of
the modal decomposition to identify the underlying dynamics. The main
modes were identified and extracted. Figure 12 refers to a raw HFO droplet
evaporation experiment and compares the experimental interface evolution
with the interface reconstructed from the modes and their dynamics.

(a) (b)

(c) (d)

Figure 12: Comparison of experimental results (a), reconstruction with 2, 10 and 20 modes
(b, c, d) extracted through dynamic mode decomposition.

The first two modes are able to approximate the slow dynamics of the
system. The size of the droplet grows in time as a consequence of internal
evaporation and swelling. The DMD does not capture the series of ejections
and puffing which is described by faster modes. More features are captured
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by extending the number of modes considered. Figure 12 c reports the NID
reconstructed from the first 10 modes and their dynamics. The reduced-
order model is able to capture the initial fluctuations that characterize HFO
heating. The case reported in Fig. 12 d, where 20 modes are used to recon-
struct the experiment does not show a substantial difference from Fig. 12
c. The dynamic mode decomposition is not able to identify the fluctuations
which are reasonably associated with the fast vibration of the surface. The
following paragraphs describe the results obtained for the four samples by
analyzing the modes and their corresponding dynamics.

3.3.1. Raw fuel

Heavy Fuel oil presents a wide boiling range, consisting of a mixture of
diesel and vacuum residue. The formation of bubbles is not naturally trig-
gered by the presence of confined water droplets like in the case of emulsions
but it occurs quasi-randomly within the mixture.

The bubbles are expected to nucleate preferentially on the thermocouple
wire, however, the presence of ejection events all along the surface of the
droplet, indicates that this is not the dominant mechanism of nucleation.
The dominant frequencies were extrapolated from a Fast Fourier Transform
(FFT) performed on the detrended NDS. The dominant frequencies were
found in the order of 25-35 Hz which is the same range indicated by (28)
during the ebullition regime in a similar experiment.

The dynamic mode decomposition allows isolating two dominant modes
and their associated dynamics. The first mode (Fig.13) is expected to rep-
resent the slowest phenomenon-taking place during the experiment that is
expected to be the superficial evaporation. In fact, the mode decays in time
(Fig. 14), following a trend which is not far from what predicted by the
so-called ”d2” law. The second mode has a lower intensity and its dynamics
consist in the superposition of exponential growth and oscillating trend. The
occurrence of puffing and ejections increases in time.

The temperature increase, leads to the formation of more active sites
for nucleation as well as an expansion of the bubble formed. Moreover,
temperature influences the physical properties of the fuel, such as surface
tension and viscosity. The reduction of surface tension due to temperature
increase is also responsible for a higher probability for ejections and puffing
to occur. The concentration of asphaltenes surrounding the droplet increases
because of light species evaporation. The higher amount of asphaltene limits
the diffusion of volatiles through superficial evaporation and the droplet size
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Figure 13: Dominant modes extracted from the DMD of the raw sample.

grows until the critical dimension is reached. Once the pressure exerted on
the outer shell becomes higher, a significant drop in size is observed because
of the ejection of vapors. The reported mechanism explains the dynamics of
the second mode.
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Figure 14: Dynamics of the two dominant modes extracted from the DMD of the raw
sample.

3.3.2. Water in oil emulsion 5%

The emulsified sample containing 5% water presents high activity at the
initial stage of the process. Figure 11 shows some of the events leading to sec-
ondary atomization during the first step of droplet vaporization. The activity
rose until it reached a maximum, after approximately 1 s. The maximum am-
plitudes for the 5% sample were obtained after 0.6 s from the beginning of
the experiment, as confirmed from the NDS profile. A large number of water
droplets present in the mixture is responsible for the frequent fluctuations
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observed. The formation of water bubbles occurs in different regions within
the fuel droplet during the process. Again, the DMD analysis allows discrim-
inating among the various phenomena. An almost linear decay is observed
for the slowest mode (Fig. 15 and 16). Superficial evaporation takes place
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Figure 15: The figure shows the two dominant modes extracted from the DMD of the
sample containing 5% water.

during the experiment but it is hidden by the deformation of the droplet
surface induced by internal boiling. The second mode presents a decaying
and fluctuating behaviour which describes expansion and subsequent ejection
at low frequency. The fast oscillation of the surface is once again hidden in
the fast modes which are not reported. The effect of the addition of water
consists of increased activity at the beginning, and a decaying trend once all
the water vapor has evaporated.
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Figure 16: The figure shows the dynamics of the two dominant modes extracted from the
DMD of sample containing 5% water.
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3.3.3. Water in oil emulsion 10%

The sample having 10% of water presents larger water droplets dispersed
in the liquid phase. The presence of larger droplets induces to think about
less frequent but more disruptive events to characterize the evolution of the
droplets. Again, the modes do not tell much but the dynamics of the sys-
tem is interesting. It can be noticed that the ejections progressively become
less frequent with time and that the peak of deformations is observed at
the beginning of the evaporation process. The maximum intensity of the
fluctuations is located when the temperature reaches approximately 220 ◦C
which coincides with the evaporation of water droplets within the particle.
The lower intensity modes are associated with the oscillation of the droplet
surface in time. The oscillations were observed in details by other authors
(29). Lower energy mode shows an exponential decay in time Fig. 17 and
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Figure 17: The figure shows the two dominant modes extracted from the DMD of sample
containing 10% water.

18. The activity of the droplet decreases because of the reduced water per-
centage due to ejections and superficial evaporation. The reduced activity
results with lower fluctuations and the dominant mechanism of gasification
become superficial evaporation and a low-frequency vapor release mechanism
which consists of quick expansions 2 ms followed by immediate ejections. The
second mode dynamics represents this trend through its exponential decrease
coupled with sinusoidal behavior. The structure of modes and their associ-
ated dynamics, once again allows identifying some of the coherent structures
characterizing the gasification process.
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Figure 18: The figure shows the dynamics of the two dominant modes extracted from the
DMD of sample containing 10% water.

3.3.4. Water in oil emulsion 20 %

The emulsions which have 20 % water in oil show a higher activity at the
early stage if compared to 10 and 5 % (Fig. 19). When the experiment
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Figure 19: The figure shows the two dominant modes extracted from the DMD of sample
containing 20% water.

proceeds, the ejections become less frequent but activity is still observed
after the first peak (Fig. 20). From the NDS profile, it is possible to observe
that a sequence of growths lasting approximately 0.2 s initiates after the first
stage of frenetic activity. It is possible to extract two different mechanisms
from the second mode dynamics. The first mechanism is the water ejection
activity, while the second behaves similarly to the raw fuel. The linear decay,
once again, characterizes the slowest mode inducing to think that superficial
evaporation continues to occur with a dynamic behaviour well approximated
by the d2 law.
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Figure 20: The figure shows the dynamics of the two dominant modes extracted from the
DMD of sample containing 20% water.

4. Conclusions

This paper describes the application of new analytical methods to charac-
terize ultrasonically produced heavy fuel oil emulsions and their evaporation.
The first part of the work consists of the visualization of the structure of the
emulsified fuel produced by ultrasonically induced cavitation through Cryo-
SEM. Three samples, having 5, 10 and 20 % water showed different average
droplet sizes with 5 and 10 % falling in the nano-scale. The samples were then
tested in a suspended droplet facility and their evaporation process compared
to raw HFO. It was observed that the vaporization rate strongly depends
upon discrete events such as gas ejections and micro-explosions. The faster
vaporization can be explained by considering the strong atomizing effect in-
duced by the water which takes place because of differential evaporation and
bubble nucleation within the fuel droplet. Bubbles nucleation and break-up
make the concept of characterizing the evolution of the droplet shape from
the NDS not suitable to explain complex mixtures and their behavior. A
new parameter was therefore considered to describe the suspended droplet
experimental results, which is the normalized interface over arc length. A
DMD analysis was then used to separate the two information regarding ex-
pansion/evaporation and oscillation of the liquid interface.

The DMD allows discriminating among the different phenomena con-
tributing to the vaporization and breakup process. The slowest mode shows
a decaying dynamics which was correlated to superficial evaporation while
fast modes reflect the stochastic behavior of nucleation and gas ejection.
From the data obtained by decomposing the dynamic behavior of the modes,
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it was possible to observe three distinct trends. The raw fuels increases its
fluctuating behavior in time, because its light component consists of diesel,
thus, having a higher boiling point than water. This causes a delay in the
incipient thermally induced breakup and may therefore lead to fuel slip of
unburnt fuel in a spray. Vice-versa, emulsified fuel having 5 and 10 % present
a strong fluctuating behavior decaying in time, therefore the ejections take
place promptly resulting in faster atomization. Higher water content such as
in the 20% sample inhibits the breakup, resulting in slower dynamics. This
approach was used for the first time to the best of our knowledge. Quan-
tifying the effect of puffing/ejections and micro-explosions and eventually
maximize it is the key for enhanced performance.

The evolution of the surface area detected with this method can be di-
rectly used as an input parameter in simulations of single droplet evapo-
ration/combustion in various conditions. Another possible path for further
developments consists of extracting the stochastic component from the Dy-
namic Mode Decomposition and use that to formulate sub-models to be
implemented in CFD simulations of droplet evaporation and break-up. The
additional complexity introduced into those models will eventually lead to a
more accurate representation of the behavior of heavy and emulsified fuels
exposed at high temperature in sprays.
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