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Abstract: Water-in-diesel emulsions potentially favor the occurrence of micro-explosions when
exposed to elevated temperatures, thereby improving the mixing of fuels with the ambient gas. The
distributions and sizes of both spray and dispersed water droplets have a significant effect on
puffing and micro-explosion behavior. Although the injection pressure is likely to alter the
properties of emulsions, this effect on the spray flow puffing and micro-explosion has not been
reported. To investigate this, we injected a fuel spray using a microsyringe needle into a high-
temperature environment to investigate the droplets’ behavior. Injection pressures were varied at
10% v/v water content, the samples were imaged using a digital microscope, and the dispersed
droplet size distributions were extracted using a purpose-built image processing algorithm. A high-
speed camera coupled with a long-distance microscope objective was then used to capture the
emulsion spray droplets. Our measurements indicated that the secondary atomization was
significantly affected by the injection pressure which reduced the dispersed droplet size and hence
caused a delay in puffing. At high injection pressure (500, 1000, and 1500 bar), the water was
evaporated during the spray and although there was not enough droplet residence time, puffing
and micro-explosion were clearly observed. This study suggests that high injection pressures have
a detrimental effect on the secondary atomization of water-in-diesel emulsions.
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1. Introduction

Admission of water into diesel engines can play a significant role in the simultaneous reduction
of nitrogen oxides (NOx) and particulate matter (PM) [1]. Different methods have been proposed to
classify the use of water in the engine cylinder, including through injection into the intake manifold
[2], an injection of water into the cylinder [3,4], and emulsification of water and diesel prior to
injection into the chamber [5,6]. However, there is a growing body of literature that recognizes the
presence of water as emulsified diesel fuel reduces harmful emissions, while simultaneously
improving the combustion process. Emulsion is formed from immiscible liquids, the oil (continuous
phase) and water droplets (disperse phase) being tied together with the aid of chemical additives—
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so-called surfactants [7]. With water-in-diesel emulsion, the vaporization of water during the spray
causes a reduction of NOx emission [8], while secondary atomization improves the combustion
process due to better air-fuel mixing [9]. For the secondary atomization of emulsions, both micro-
explosion and puffing are the key factors that influence the fuel mixing process. Micro-explosion is
when droplets burst into smaller droplets due to explosive boiling of the dispersed water inside a
continuous oil phase (immiscibility and different volatility of the two liquid components) which
causes the disruption of the parent drops and, hence, a secondary atomization. Puffing is when water
droplets (or vapor) erupt from the surface of the parent droplet without its complete breakup.

Different experiments have been conducted using water-in-diesel emulsion of an engine fuel
and explained the combustion and micro-explosion processes. An increase of macroscopic spray
dispersion angle and spray tip penetration are often used to describe the micro-explosion phenomena
[10]. An observation of longer ignition delay [11,12] and shorter combustion duration also featured
in micro-explosions and, hence, promoted the combustion [13]. Direct visualization techniques
captured the explosions of small droplets in the spray flame [14], and glowing spots, due to
disruption of the droplet [15], were also used to describe the micro-explosion phenomena. It should
be noted that micro-explosion is a quick event which cannot be visualized easily at engine operating
conditions; hence, single-droplet experiments were often used to facilitate the observation of the fast
evaporation of the droplet, and thus develop hypotheses on the performance of emulsions in engines
[16-19].

A considerable amount of literature has been published on micro-explosion and puffing using
single-droplet experiments [18,20-24]. These studies have confirmed that large isolated droplets of
emulsified fuel lead to puffing and/or micro-explosion, with their occurrences depending on several
factors. The coalescence and phase separation of emulsions are among the most important factors.
Other factors include the type and amount of surfactant, water content in the emulsion and the size
of the dispersed water droplets. A higher surfactant content was found to delay the micro-explosion
occurrences [17], while, in contrast, the increase of water content in the emulsion was found to
decrease the emulsion stability and enhance the intensity of micro-explosion [25]. The optimum water
concentration in the emulsion was found to be 10% [26]. The intensity of micro-explosion was found
to be higher with dispersed water droplet sizes lager than 10 um [27]. However, with a reduction in
the dispersed water droplets size to 2 um, the temperature required for micro-explosion increased
[28]. The dispersed droplet size was functioning optimally at 4.7 um [29]. The increase in the breakup
rate caused by mechanical stirrers results in smaller droplet sizes [27], whilst in larger droplet sizes,
the coalescence rate of dispersed phase increased [30].

Recent studies demonstrated a strong and consistent association between the water content,
dispersed water droplet size, and temperature [31]. Therefore, to control the secondary atomization
of water-in-diesel emulsion it is essential to control the sizes and numbers of the dispersed phase. It
should be noted that the emerging emulsions from the injector nozzle are significantly different
compared with the unused fuel in the tank [32]. We recently investigated the impact of fuel pump
and injector nozzle on the dispersed water droplet size and found that the emulsions were subjected
to intense shear in the fuel pump and injector nozzle which led to change in the distributions and
sizes of the emulsion droplets [32]. These results also showed that the water content in the emulsion
was significantly reduced after passing the injection equipment.

In single suspended droplet experiments the onset of the micro-explosion phenomena was
found to be affected by the size of the parent droplet. In these experiments the droplet diameters
ranged from 1 to 2 mm. The droplets were either suspended on a wire above the hot plate using a
fiber-supported technique or were made to free fall. If the wire is used, micro-explosion is caused by
not only nucleation inside the droplet but also by the effect of the wire’s surface [33]. Therefore, some
studies used unsupported techniques to reduce experimental uncertainty. However, these studies
used relatively large droplet sizes ranging from 200 to 1000 pum, whilst realistic spray droplet sizes
are below 100 um. In fact, in a large droplet size, the droplet heating and waiting time was found to
affect the strength of micro-explosion [34]. Therefore, several interesting questions remain about the
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consistence of the relationship between the initial and dispersed water droplets on puffing and or
micro-explosion phenomena.

This article begins by describing the emulsion preparation and then characterizes the emulsion
characteristics after it is pumped through a common rail system. It then goes on to examine the spray
of the pumped emulsions (10% water concertation at injection pressures of 500, 1000, and 1500 bar)
into a high-temperature gas environment and the puffing and/or micro-explosion of the droplets. A
specifically developed image processing system algorithm was used to process the captured images
of the droplets.

2. Experimental Method

2.1. Emulsion Preparation, Stability, and Physical Properties

A Span 80 (a lipophilic surfactant) with a hydrophilic-lipophilic balance (HLB) of 4.3 was used as
the emulsifying agent to prepare 10% (v/v) water in diesel emulsion. A gravitational method [35-37]
was used to characterize the stability of the emulsion. For this purpose, a mechanical stirrer running
at 1000 rpm for 10 min was used to blend the emulsion, which was then stored in cylindrical tubs as
shown in Figure 1. Then, the de-emulsifications of the blends were recorded at different times and
the separation of the layer. For the first 4 h the emulsion was stable; it then exhibited some de-
emulsification after this time. However, a complete separation was observed after 3 days. In the
current work, the emulsions were promptly (less than 15 min) induced into the fuel tank after their
preparation and run through the common rail system to avoid this phase separation.

Diesel

Emulsion

>

(a) Stable emulsion (b) Clear separation

Figure 1. Picture of water-in-diesel emulsion at 10% water content showing the emulsions before
separation (a) and with the layers of separation (b).

2.2. Physical Properties

The viscosity and density of the neat diesel and emulsions were measured using an Anton Paar
viscometer (Lovis 2000M) (Anton Paar, Graz, Austria) and an Anton Paar density meter (DMA
4500M) (Anton Paar, Graz, Austria), respectively. An isoperibol calorimeter (Leco AC-350) (AC-350,
Leco, Graz, Austria) was used to measure the calorific value, and the surface tension was measured
using the pendant drop method (Data Physics OCA 15EC). The properties of all fuels tested are
shown in Table 1.
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Table 1. Properties of neat diesel and water-in-diesel emulsions.

Water Content Density at 25 °C Viscosity at 40 °C Calorific Value  Surface Tension at 25 °C

(% (v/v)) (kg/m?3) (mm?/s) (MJ/kg) (N.m)
0 (neat diesel) 825 3.21 43.20 27.1
10 855 9.53 39.15 23.9

2.3. Fuel Injection System

An electronic fuel injection system (common rail) was used to spray and collect the injected
samples, in order to characterize the emulsion’s size distribution. The complete details for the setup,
including the control of the injector opening and duration, can be found in the authors’ previous
work [32,35].

2.4. Image Acquisition and Analysis

The dispersed water droplet distribution was captured by using a digital microscope (Olympus
BX51) with a magnification of 50 times and depth of field of 10 um. A purpose-developed image
processing algorithm built in MATLAB was used to analyze all the raw images. This algorithm
automatically detects and measures the dispersed droplet size and number. The image processing
sequence is discussed in detail in our previous work [32,35]. The equivalent diameter of each detected
droplet was calculated based on the droplet’s area. This equivalent diameter was used to plot the
graphs in Section 3.

2.5. Optical System

Experiments were conducted using an optically accessible constant-volume chamber (Figure 2).
This chamber was of a cylindrical shape, offering the visualization of the full spray and spray
droplets. The chamber was constructed from stainless steel including a cylindrical enclosure, two
flanges, and two optical windows for flow visualization. A ceramic electric heater was mounted on
the cylinder wall to heat the chamber. A micro pump controller (Micro 4) with a needle diameter of
0.3 mm was used to generate the spray droplets. The Micro 4 provided flexibility in controlling the
injection time, injection duration, and the amount of fuel to be injected, while producing droplets that
could be easily observed. The needle was located in its position after the desired temperature was
reached in order to avoid heat transfer to the needle tip which may affect the spray droplets before
they were dispensed. Two thermocouples (K-type) were used to measure the temperatures on the
surfaces of the chamber as well as the gas temperature located at the center inside the chamber before
the injection. The temperature distribution inside the chamber was 730 K while the chamber walls
were at 800 K due to heat transfer from the walls to the ambient gas.

2.6. Processing and Analysis of Spray Droplets

A shadowgraph imaging system was developed to acquire detailed records of the spray
droplets. It consisted of a high-speed video camera (Phantom Miro M310) (New Jersey 07470 USA,
USA) coupled with a long-distance microscope (Infinity K2) (Boulder, Colorado, USA) and zoom lens
(CF1 objective) (Boulder, Colorado, USA). A Multi LED (LT-V8-15) (Tokyo, Japan) was used for the
illumination. The experiments were performed with a resolution of 256 x 800 pixel (0.0185 mm/pixel),
frame rates of 12,000 frames per second (fps), and exposure time of 2 ps. The minimum spray droplets
measured were 20 um, and smaller sizes were not included due to experimental uncertainty. Droplets
were not ignited during these experiments. All raw images were then analyzed using a specifically
developed image processing algorithm to automatically detect the spray droplets and measure their
sizes. The image processing sequence was as follows: the raw image was converted to a binary format
with a threshold setting, then edge detection, filling holes of droplets, watershed to separate
connected droplets, and, finally, segmentation of the image were applied. The detected droplet
diameter was calculated based on the droplet’s area. To include a sufficient number of droplets, each
sample was repeated several times under the same experimental conditions.
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High-speed Phantom Camera
/ Micro pump controller

Infinity K2/DistaMax, K-type thermocnupk‘
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Constant Volume chamber Multi LED light

Figure 2. Schematic of the combustion chamber showing the optical accesses and the long-distance
microscope imaging system. The Multi LED light used to provide the back illumination.

3. Results and Discussion

Based on the evidence that the injector nozzle shifts the size distribution of the dispersed phase
towards smaller droplet sizes (discussed in the previous works [32,35]), only samples after the
injector were used in each experiment.

3.1. The Effect of Injector Shearing on Droplet Size Distribution

After the injection system ran, we collected three samples at injection pressures of 500, 1000, and
1500 bar of 10% (v/v) emulsion blend. Figure 3 shows the distribution of the dispersed water droplets
in the fuel tank (fresh emulsion) and after injector at pressures of 500 bar (A), 1000 bar (B), and 1500
bar (C). It can be clearly noticed that the size and number of the dispersed water droplets were
affected significantly by the shear force in the injector nozzle, as expected from our previous work
[32]. An increase in injection pressure led to the breakup of the dispersed droplet size and, thereby,
to decreases in their sizes.

To ensure that the water concentration in the emulsion had reduced, a mixing model was used
to calculate the water content for each blend based on density measurement. Figure 4 shows the water
concentration at 10% (v/v) at different injection pressures (500, 1000, and 1500 bar); this indicates that
with the increase of injection pressure i.e., 500, 1000, and 1500 bar, the water concentration was
reduced to 9.4%, 9.2%, and 8.7% respectively, as expected. This can be attributed to the water lost or
evaporated during the injection with the intensive shear in the injector nozzle. It can therefore be
confirmed that the emulsions in the fuel tank can change significantly with time [32]. The evaporated
water during the injection reduces the adiabatic flame temperature and therefore reduces the NOx
emissions. Water dissociation can form hydroxyl radicals during combustion and therefore reduce
soot emissions [8]. This finding broadly supports the work of other studies in the area of micro-
explosion linking the single-droplet experiments [36] with engine performance and emissions [6].
Therefore, the single-droplet experiments do not accurately simulate the dispersed water droplets
and water concentration. Next, only the emulsions after the injection equipment were considered to
examine their effect on the secondary atomization.
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Figure 3. Histogram of the emulsions used for the experiments made at 10% water in fuel tank (Fresh)
and Cases A, B, and C after the fuel equipment at different injection pressures of 500, 1000, and 1500

bar, respectively.
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Figure 4. The density measurement of an emulsion made with 10% water content at different injection
pressures. The density reduced with the increase of injection pressure as the result of a reduction in

the water concentration of the emulsion.

3.2. Spray Droplet Puffing and Micro-Explosion Phenomena

The emulsion samples were collected after injection at 500, 1000, and 1500 bar. These samples
were then injected into the combustion chamber using the microsyringe, into an environment with a
gas temperature of 723 K. The images in Figure 5a show the spray droplet behavior at 1.25 ms and
2.4 ms after injection while Figure 5b focuses on magnified droplets at different times. The images
reveal that, even for very fine droplets, water vapor erupts form the droplets, resulting in secondary
atomization. As shown in Figure 5a, most of the spray droplets are nonspherical near the injector
nozzle and do not break up due to the high surface tension [37]. As can be seen in Figure 5b Case (1),
the droplet became spherical during water evaporation, and puffing occurred at 3.5 ms prior to
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evaporation. Figure 5b Case (II) shows that puffing occurred twice for the same droplet, which is
thought to be due to the high water concentration. The distributions of water inside the droplets were
not always the same [38]. A complete micro-explosion can be seen clearly in Case (III) with a droplet
diameter of 100 um at 6.12 ms. However, almost all smaller droplets burst instantaneously, and very
fine secondary droplets were produced and evaporated. Qualitatively, a similar behavior was
observed in Case (IV) with increasing waiting time of 7.34 ms. Interestingly, in Case (V), the ejected
droplet was observed to undergo further micro-explosion. These results confirm that residence time
is a significant factor for micro-explosion outcomes. Longer waiting times increase the probability of
micro-explosion.

@D
(I
1.66ms  2.25ms
(Im)
t=1.25ms )
5.16ms
l (V)
PR e )
t=2.4ms 2.4ms 4.5ms 6.5ms 9.5ms 10.8ms
(a) Spray flow (b} Magnifying images focusing on one droplet

Figure 5. (a) Sequences of spray flow droplets of 10% water concentration at 723 K for Sample A,
showing puffing and micro-explosion; (b) shows the magnified droplet micro-explosion phenomena.

3.3. Spray Droplets Size Versus Time to Puffing

In this section, the dynamics of micro-explosion and puffing were tracked for a falling emulsified
fuel droplet and an attempt was made to understand the mechanism and the stages involved in the
secondary atomization. In all cases, although the droplets’ evaporation progressed, their size
gradually increased as the spray moved downstream (Figure 6). It can therefore be assumed that the
rate of droplet thermal expansion due to water evaporation was greater than the droplet shrinkage
caused by the evaporation from the droplet. In the first stage (t = 0 to 2 ms) the droplets were
nonspherical as they left the microsyringe. The size of the droplets tended to decrease abruptly and
followed an oscillatory path. In the second stage (f = 2 to 5 ms), as the droplet stabilized and
converged towards sphericity, their size continued to increase due to water evaporating inside the
droplet until it reaches the puffing limit, the point where the droplet ebullition occurred. The droplet
oscillation decreased as they became more spherical and moved in a straight path. In the third stage
(t =5 to 10 ms), Droplets 1, 3, and 4 underwent puffing, reducing in size and giving birth to satellite
droplets. However, Droplet 2 continued to increase in size over time until it reached the puffing limit
at a much later stage (f =10 to 16 ms). As the size of the parent emulsion droplet increased, the puffing
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time also increased as shown by Case 3 and Case 4. However, the physics differs in Case 1 and Case
4 which can be attributed to the dispersed size of the water content within the parent emulsion
droplet and the location of the vapor nuclei [21,39]. Again, in Cases 1 and 2, a similar behavior is
observed; however, their times to puffing were different although their initial droplet sizes were
almost the same. It is also observed that in some cases the droplets tended to grow in size again after
puffing, indicating the partial utilization of water dispersed within the parent droplet. This could be
because of partial coalescence of dispersed water droplets [32], and, as a result, complete micro-
explosion was not observed. In this case, the satellite droplets may have the potential to undergo
further puffing. Perhaps the most interesting aspect of this is that the initial and final droplet sizes
before puffing will determine the effect of the dispersed water in the parent droplet on the growth of
the droplet. Next, we consider the effect of injection pressure on puffing occurrence.
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Figure 6. Effect of different droplet size on time to puffing of 10% water content sprayed at 1000 bar
injection pressure.

3.4. Effect of Injection Pressure and Dispersed Water Droplet Size on Droplet Puffing

As discussed earlier, both the size of the dispersed water droplets and the water content in the
emulsion droplets are significantly affected by the injection pressure. Therefore, it is expected that
the explosive boiling of the dispersed water droplets will be influenced by the injection pressure. By
measuring and comparing the initial droplet size and that before puffing, one can estimate the
amount of water leaving the droplets [40]. Figure 7 represents the empirical cumulative distribution
functions for the initial droplet size and the final droplet size before puffing for emulsions in Cases
A, B, and C (Figure 3).

In all cases, the droplet expansion increased with the increase of dispersed water droplet size.
The spray initial droplet size was found to be large for the higher water content with larger dispersed
size due to higher viscosity. Significant differences were observed in Case C which had the smallest
dispersed water droplets. Since coalescence of the dispersed water droplets is not expected to take
place due to the very short residence time in the spray, the initial dispersed water droplet size will
be the major factor influencing secondary atomization. This finding suggests that increasing the
injection pressure will reduce the intensity of micro-explosion due to evaporation and the decrease
of dispersed water in the spray. With large dispersed water droplet size, the boiling rate increases
and therefore enhances the secondary atomization. These finding are consistent with those of Mura
et al. [28], who observed that droplet growth increased with the increase of dispersed water droplet
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size. Also, Volkov et al. [20] argued that evaporation of droplets flowing in a high temperature
decelerated with the increase of water concentration. This behavior was found to be enhanced when
the initial droplet size increased.
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Figure 7. The empirical cumulative distribution function (ECDF) shows the spar initial droplet size
versus the droplet expansion before puffing for different injection pressures: (a) Case A (500 bar), (b)
Case B (1000 bar) and (c) Case C (1500 bar). As the dispersed water droplet size decreased via the
injection pressure, the droplet expansion was decreased.
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To go further on the effect of dispersed water droplet size on the puffing behavior, the time
duration between the initial and final droplet before puffing are presented in Figure 8 using the
empirical cumulative distribution function (ECDF). With the decrease of dispersed water droplet size
due to injection pressure, the amount of dispersed water decreased and, hence, the time to puffing
increased. These results indicate that higher injection pressures have a negative effect on secondary
atomization. With the higher injection pressure, some spray droplets may not include sufficiently
large dispersed water droplets to initiate puffing.
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Figure 8. The empirical cumulative distribution function of dispersed water droplet size after the
injection at 500 (A), 1000 (B), and 1500 bar (C) injection pressure versus time duration to puffing. As
the injection pressured increased, the time to puffing was delayed.

4. Conclusions

We investigated the effect of fuel injection pressure on puffing and micro-explosion of water-in-
diesel emulsion under elevated gas temperatures. To determine the effect of a common rail system
on micro-explosion, we simulated the spray samples at different injection pressures and measured
the evolution of the number and size distributions of the dispersed phase. Our major findings from
this study are summarized as follows:

1. We found that the emulsion properties (dispersed droplet size and numbers) change significantly
after the nozzle’s orifices, as expected; the water concentration reduced after the injection due to
rapid evaporation caused by high pressure and temperature in the common rail [32].

2. With the increase of injection pressure, puffing was delayed due to reduction in dispersed water
droplet size and water content in the emulsion.

3. Inthe experiment, puffing and micro-explosion were observed in small droplets (>50 um) after
a clear transparent region. Since coalescence of the dispersed water droplets is not expected to
take place due to the very short residence time in the spray, complete micro-explosion was not
observed.

4. The droplet time to puffing was found to be related more to the dispersed droplet size and water
content in the droplet rather than to the spray droplet size.
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This investigation suggested that the injection equipment influences secondary atomization via
the dispersed water droplets and evaporation of water during the spray. The occurrence of micro-
explosion during the spray will depend not only on spray droplet size but also on the coalescence of
the dispersed water droplets. These findings may support the hypothesis of using unstable emulsions
[41].
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