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Abstract: The number and size distributions of the water dispersed phase have a significant effect
on both the long-term stability of an emulsion, and the probability of micro-explosions inside an
engine. The emulsions are subjected to intense pressure and shear flow in the fuel injection equipment
resulting in changes in the number and size distributions of the dispersed phase. These changes,
in turn, have significant effects on the micro-explosion behavior of the droplets. To our knowledge,
these effects are not known and have not been reported previously. To uncover some of these effects
we carried out a comprehensive experimental investigation on an emulsion spray of 10% water
(by volume) in diesel at different injection pressures of 500, 1000 and 1500 bar. A measurement
system consisting of a high-speed camera was used to visualize the droplets’ micro-explosions and a
thermocouple measured the temperature. Our measurements indicated that the emulsion shear in
the injector nozzle shifted the emulsion droplet size distribution towards the smaller end resulting in
a delay in the onset of micro-explosion. This delay in the onset of the micro-explosion is thought to be
due to the decrease in the dispersed water coalescence rate which, in turn, increases the stability of the
emulsion. The results also show that this delay in the onset of micro-explosion, and the temperature
required for its onset, increased with injection pressure.
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1. Introduction

Diesel is the dominant fuel used in a variety of applications due to its high energy density,
high cetane number and low cost. However, its combustion does not meet the current more stringent
emission regulations, particularly for nitrogen oxide (NOx) and particulate matter (PM). Different
strategies have been used to reduce the emissions, such as particulate filters, exhaust gas recirculation
and dual injection [1–4]. However, these strategies are considered unsuitable for retrofitting on existing
vehicles due to the complex engine modification requirements. Therefore, interest in studying and
improving the properties diesel fuel itself to reduce the exhaust emissions of regulated pollutants
is growing.

Strategies involving the use of water in diesel engines offer a way to potentially reduce NOx

emissions and improve the combustion process [5–7]. One such strategy is the use of water-
in-diesel emulsions. When a water-in-diesel emulsion is subjected to high temperature, water
molecule dissociation can form hydroxyl radicals which help to oxidize the soot thus reducing
the emissions [8]. In addition, the combustion process can be improved as a result of secondary
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atomization of the emulsion droplets and hence better air-fuel mixing [9]. In secondary atomization,
water-in-diesel droplets break up into smaller droplets, which is believed to be due to puffing and
micro-explosions [10]. Micro-explosion refers to the diffusional breakup of droplets due to the volatility
difference between the oil (continuous phase) and water (dispersed phase). The explosive boiling of
water (micro-explosion) breaks up the emulsion droplets into smaller ones, whilst in puffing some
water leaves the droplets in the form of a very fine mist [11,12].

Droplet micro-explosion has been an object of research since 1962 [13]. A considerable amount
of literature has been published on the micro-explosion behavior of emulsified fuel droplets [14–18].
The earlier studies demonstrate a strong and consistent association between disruptive burning in
emulsions and engine performance and emissions [19–22]. Although water in diesel emulsions is
known to reduce NOx and PM simultaneously, it was found that the size of the dispersed phase water
droplet had a significant effect on the combustion and emissions behavior of the emulsion. For example
it was reported that NO emissions increased with water droplets of 2.1 µm but for larger droplets
(5.5 µm) NOx was reduced by 25% [23]. It was also found that the engine efficiency increased by up to
20% with small dispersed droplet sizes (0.53 µm) [24]. Yang et al. [21], argued that this was due to an
acceleration of the flame propagation in the case of the small dispersed phase water droplets resulting
in a shortening of the combustion duration. Overall, these studies provide reasonably consistent
evidence of an association between the water dispersed droplet size and engine performance.

Micro-explosion is a very fast process, and hence the Leidenfrost technique is often used to
facilitate the observation of the fast evaporation of the droplet [25–28]. Under Leidenfrost conditions,
heat transfer by conduction is the dominant mode, and causes a rapid evaporation of the droplet.
Kadota et al. [12] used a hot plate to investigate emulsion droplet micro-explosions under Leidenfrost
conditions. Khan et al. [29] conducted a series of experiments on water emulsified diesel suspended
on a thin-wire thermocouple to study the Leidenfrost effect. They conclusively showed that for
micro-explosions to occur, large dispersed phase water droplets with faster coalescence rate must
exist. This finding is consistent with that of Kimoto et al. [30] who argued that dispersed phase water
droplet sizes larger than 10 µm were found to initiate micro-explosions, whereas fine droplets (average
diameter 1–2 µm) did not give rise to micro-explosions. Mura et al. [31] observed a transparency
region in the thick emulsion (0.19 to 0.33 mm diameter) due to the evaporation of the dispersed phase,
however with a fine dispersed phase, the coalescence did not progress and therefore the temperature
required for micro-explosions increased. The optimum dispersed water phase droplet size was found
to be about 4.7 µm [32].

Recent research suggested that the dispersed phase water droplet size is the dominant factor
for micro-explosion occurrence [25]. However, in a spray, the dispersed droplet size distribution
is completely different from the sizes in single droplet experiments. The effect of the preparation
method of an emulsion, and the fuel pump and injector nozzles used will determine the distribution of
both the number and size of the droplets and hence the occurrence of micro-explosion. For example,
a homogenizer and mechanical stirrer were used in a previous study [29]. It was observed that all
samples of mechanically-stirred emulsions exploded, but no micro-explosion was observed when
the emulsion was produced using a homogenizer. It was concluded that in order to control the
micro-explosion of emulsified fuels it is essential to control the number and size distributions of the
dispersed phase from the injector.

From this point of view, when an emulsion passes through the fuel injection equipment the size
distribution of the disbursed phase will change which in turn will have an effect on the onset of
micro-explosions. To the authors’ best knowledge, this effect has never been investigated.

The current study aims to experimentally investigate the impact of injector nozzle shear on
droplet puffing and micro-explosions of water-in-diesel emulsions during Leidenfrost effect conditions.
For this purpose, an emulsion with 10% water concertation by volume was passed through a common
rail system. The injection pressure was varied (500, 100 and 1500 bar) and spray samples were
investigated to examine the effect of emulsion shear on the droplet size distribution.



Energies 2018, 11, 1650 3 of 13

2. Experimental Method

The experiments started with water-in-diesel emulsion preparation. The emulsions were
characterized at different injection pressures (see Section 2.1). The collected samples from the spray
were tested under Leidenfrost conditions and the droplets’ micro-explosion behavior was visualized
using high-speed video recordings (Section 2.2).

2.1. Stability and Physical Properties of Emulsified Blends

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

A lipophilic surfactant (Span 80) with a hydrophilic-lipophilic balance (HLB) = 4.3 was used
to reduce the interfacial tension between the neat diesel (continue phase) and the distilled water
(dispersed phase). To characterize the stability of water-in-diesel emulsion, a mechanical stirrer driven
at 1000 rpm was used for the blending of the neat diesel with the surfactant, and the distilled water
was added drop by drop. The de-emulsifications of the blends were recorded every h for the first 6 h,
and then at 24-h intervals for 3 days as shown in Figure 1. All samples were stable for the first 4 h,
and then exhibited some de-emulsification after 5 h. After 3 days all samples showed complete
separation of the emulsions, with the samples that contained the highest concentrations of water
resulting in the most significant sedimentation.

Table 1. Properties of neat diesel and water-in-diesel emulsions.

Water Content
(% v/v)

Density at 25 ◦C
(kg/m3)

Viscosity at 40 ◦C
(mm2/s)

Calorific Value
(MJ/kg)

Surface Tension
@ 25 ◦C (N.m)

0 (neat diesel) 825 3.21 43.20 27.1
5 848 6.12 41.89 26.1

10 855 9.53 39.15 23.9
15 863 11.22 36.33 21.2

Figure 1. All samples were stable for the first 4 h, and then exhibited some de-emulsification after 5 h.
After 3 days all samples showed complete separation of the emulsions, with the samples that contained
the highest concentrations of water resulting in the most significant sedimentation.



Energies 2018, 11, 1650 4 of 13

2.2. Fuel Injection System

A high pressure injector (solenoid valve servo-actuated injector, Denso (Tokyo, Japan), with a
6-hole nozzle and orifice diameter of 0.2 mm was used to spray the emulsions. The experimental setup
(Figure 2) used in the present study is the same as that of the authors’ previous work [33]. This injection
system provided flexibility in controlling the injection timing, injection duration and the rail pressure.
Different injection pressures were used while the injection duration was kept constant at 3 ms for all
the experiments.

Figure 2. Schematic of the experimental setup.

2.3. Image acquisition, Processing and Analysis

The dispersed phase water droplet sizes were measured using a microscope (BX51, Olympus,
Model U_LHOOL-3, Tokyo, Japan) with 50× magnification and 10 µm depth of field. The sampled
blends were deposited on a glass plate for analysis. To avoid cross-contamination of the samples,
the glass plate was cleaned using a solvent between each measurement. We focused the microscope
half way between the glass/emulsion and emulsion/air interfaces. Since the dispersed droplets within
the emulsion tend to agglomerate near the glass/emulsion and emulsion/air interfaces, recording the
dispersed droplet distribution near these interfaces could result in a biased measurement. To obtain
statically representative droplet size distributions, we scanned 10 different physical locations within
each sample of the dispersed droplets using a digital camera. All raw images were then analyzed
using a purpose-built MATLAB image processing algorithm to automatically detect the dispersed
droplets and measure their sizes [34]. The algorithm successfully detected most droplets, although
occasionally some compact agglomerates could not be separated by the watershed transform.

2.4. Hot Plate Technique

The experimental set-up used in this study was the same as the previous study by Khan et al. [29].
A high-speed camera (8001-Phantom Miro M310, Wayne, NJ, USA) coupled with high long distance
Microscope-K2 (Boulder, Co, USA), a K-type thermocouple and data logger were synchronized to
evaluate the micro-explosion event and record the profile of droplet temperature during the event
(Figure 3). The camera triggering was set when the thermocouple temperature reached 150 ◦C for
all emulsion samples. A controlled hot plate was maintained at 500 ◦C before dropping the droplet
using a syringe with an internal needle diameter of 0.3 mm. The droplet was suspended above the
hot plate onto the end point of the thermocouple wire (0.03 mm diameter with bead of 0.08 mm)
and the gap between the end of thermocouple and hot plate was kept at 2 mm using a feeler gauge.
To ascertain the thermocouple reading, we immersed two thermocouples into hot water at 10 different
temperatures. To avoid the heat transfer to the needle tip which may affect the droplet before it
is dispensed, the droplet was suspended manually after the thermocouple recorded the required
temperature, and the needle promptly retracted.
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A direct visualization system was used to record the event. A Multi LED (LT-V8-15 Tokyo, Japan)
was used as the source of illumination in the same direction as the camera. The image acquisition
rate was set at 500 fps with a resolution of 1280 × 800 pixels and exposure 300 µs throughout all
the experiment. The image sequences of the emulsion droplet, as well as the temperature history,
were recorded.

Figure 3. Experimental setup for the visualization technique.

3. Results and Discussion

In this section, it will be demonstrated that the injector nozzle orifice has an effect on the size of the
emulsion dispersed phase water droplet, due to injector shearing and pressure (Section 3.1). The water
concentration decreased or evaporated during the spray, thereby affecting the micro-explosion process
(Section 3.2). Significant observations were recorded showing that the droplet micro-explosion was
delayed with the increasing injection pressures (Section 3.3).

3.1. The Effect of Injector Shearing on Droplet Size Distribution

To ascertain whether the injector nozzle had an effect on the emulsion, we measured the dispersed
phase water droplets size distributions (Figure 4) before the injection system in the fuel tank (A) and
after the injector for injection pressures of 500 bar (B), 1000 bar (C) and 1500 bar (D). It can be seen
that the size and number of the dispersed water droplets were affected significantly by the injector
nozzle, with the water phase droplet size and number increasing with the increase in injection pressure.
Indeed, in the injector nozzle the emulsion was subjected to an intense turbulent and shear flow fields,
causing the break-up of the dispersed phase into small droplets. This result is in agreement with
droplet breakage of emulsion using a homogenizer [15]. The mean droplet diameters for the samples
A, B, C and D were 5.58, 2.57, 1.2 and 0.7 µm respectively. These observations support the hypothesis
that the emulsion in the fuel tank will not represent the actual fuel spray. Therefore, this reduction in
size distribution could significantly reduce the propensity for the emulsion to explode while mixing
inside the combustion chamber.

On the other hand, concerning the water concentration after the spray, we measured the density
of the samples, and then used a mixing model to compute the water concentration for each sample.
Interestingly, the water concentration was found to decrease with the increase of injection pressure.
For example, with the increase of injection pressure i.e., 500, 1000 and 1500 bar, the water concentrations
were reduced to 9, 8.3 and 7.5% respectively. This result indicated some of the water was lost or
evaporated during the injection.
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Figure 4. Represent the histogram for the emulsions of 10% water content at: (A) fuel in tank and (B),
(C,D) emulsions collected from the spray at 500, 1000 and 1500 bar respectively.

3.2. Micro-Explosion Phenomenon

In order to investigate the micro-explosion phenomenon, the droplets were suspended onto
a thermocouple under Leidenfrost conditions with the hot plate temperature controlled at 500 ◦C.
The camera and data logger were triggered when the thermocouple temperature reached 150 ◦C. It was
thought that the presence of thermocouple during the droplet boiling may generate heterogeneous
nucleation and hence influence the onset of micro-explosion. However, previous studies found that the
presence of the thermocouple had no predominant effect on the initiation of micro-explosion [15,27,35].
We, therefore, did not consider the presence of the thermocouple in the micro-explosion behavior.
To obtain statically representative droplet micro-explosion time and temperature, we visualized
10 times within each sample of the dispersed droplets. The percentage of micro-explosion occur for the
sample in fuel tank was 90% and 70% for the other samples.

Figure 5, shows image sequences of a droplet for the evolution of micro-explosion phenomena
of emulsion made with 10% water concentration by volume. A sample from the fuel tank (A) was
first tested to establish a base line. As can be seen from the images, initially the droplet appeared
turbid (milky white) as expected for a macro-emulsion due to reflection of light and the presence
of micrometric dispersed water droplets. Puffing was observed at t = 0.272 s and continued with
coalescence and phase separation. The droplet transparency increase by water boiling and finally
micro-explosion occurred at about 1.680 s. In fact, the mechanisms of micro-explosion such as
aggregation, coalescence, evaporation, transparency and puffing during heating of the droplet are
common stages of the phenomena [25,31,36–38]. The temperature profile of case A is shown in Figure 6.
The dots represent the temperature of a single droplet at each stage. It can be seen that the thermocouple
temperature dropped to 117 ◦C initially, due to direct contact with the droplet, and stabilized while
evaporation took place at the periphery of the droplet. Then, the droplet evaporation time decreased
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as the temperature of the surface increased. After this time (at t = 1.050 s), the temperature of the
droplet increased to 133 ◦C, and vapor bubbles formed at the top of the droplet while water droplets
coalesced with an increase of temperature (158 ◦C), at this moment the micro-explosion occurred.
The thermocouple temperature continued increasing until it became stable at (164 ◦C).

Figure 5. Micro-explosion behavior during Leidenfrost of cases A, B, C and D.

Figure 6. Temperature evolution of case A.
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The same emulsion as sample A was then pumped through the nozzle at injection pressures of
500, 1000 and 1500 bar, and samples B, C and D, respectively, were collected after injection in order to
examine the effect of the injection system on the micro-explosion behavior. The samples were tested
shortly (in about 15 min) after they were collected in order to avoid coalescence of the dispersed water.
As can be seen from Figure 5, all the emulsion samples showed more transparency compared to sample
A. The semi-translucent appearance increased with the smaller dispersed water droplet sizes resulting
from the increase in the injection pressure. This change in appearance confirms that a significant part
of the macro-emulsion shifted towards a nano-emulsion as a result of the injection process. For case A,
puffing occurred eight times but was only observed three and two times for cases B and C, respectively.
In case D, puffing occurred only once. This can be attributed to the water droplet distribution in the
spray. At 1500 bar injection pressure the water droplets were of the order of 0.7 µm, which was too
small for coalescence resulting in a low rate of evaporation and puffing. Another explanation for
these observations can be attributed to the reduction of water concentration after the injector nozzle.
These findings are consistent with the findings of Khan et al. [29], who found that large dispersed
droplet sizes enhanced the puffing and reduced the time for the onset of micro-explosion, and those of
Abu-Zaid [39] who reported that the evaporation time of emulsions is water dependent, decreasing
with the increase of water concentration.

The evolution of micro-explosion of case D took a comparatively longer time than B and C.
Qualitatively, a similar behavior to emulsion C was observed, but the whole phenomena took
3.52 s as shown in Figure 5D, compared to 2.818 s for emulsion C and 2.256 s for emulsion B.
These results can be attributed to the mechanism of micro-explosion [36]. It can be seen that the
dispersed phase droplets coalescence rate decreases with the increase of injection pressure leading
to a longer time for micro-explosion to take place (Figure 5). This is in agreement with Mohan and
Narsimhan [40], who showed that the coalescence rate for small droplets is low due to these droplets
being thermodynamically stable.

Interestingly, the emulsions in cases C and D became completely translucent before they exploded.
This was thought to be due to the evaporation of the fine dispersed water droplets, however some
droplets coalesced and generated a few large droplets triggering micro-explosion. These results provide
further support for the hypothesis that the strength of micro-explosion results from the evaporation of
a large number of fine dispersed phase droplets rather than one or a few large dispersed droplets [15].

3.3. Temporal Temperature Profiles

The plot in Figure 7 represents the temperature evolution of the droplets corresponding to the
images in Figure 5B–D. The initial temperatures of the droplets were 117, 122 and 123 ◦C for cases B, C
and D, respectively. The temperature of micro-explosion for case B were 180 ◦C (t = 2.25 s) and 196 ◦C
(t = 2.81 s) for case C. While in case D it was 205 ◦C (t = 3.52 s). It can be seen that the temperature
required for the onset of micro-explosion increased with the decrease of the size of the dispersed
water phase droplets. These results are consistent with those of Mura et al. [31], who found that the
temperature for micro-explosion increased to 200 ◦C for fine dispersed phase water droplets indicating
the state of metastability of water. In the next section we will show that the coalescence of the dispersed
phase water droplet size and the parent droplet size changed during the heating time.
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Figure 7. Temperature profiles of case B, C and D.

3.4. The Effect of Dispersed Water Droplet Coalescence on Micro-Explosion Behavior

It is generally accepted that the strength of micro-explosions results from the combined
evaporation of a large number of fine dispersed phase water droplets [15]. It is, therefore, important to
understand the water sub-droplet coalescence and evaporation processes and factors influencing them.
We used an image processing system to identify the droplet edges, and thereby to ascertain whether
the emulsion’s water droplets evaporated or coalesced. Figure 8 shows the droplet heating behavior of
case D (raw image) and d (after edge detection). The water, water vapor, diesel and the light reflection
are distinguished by darker gray (green) and lighter green for water, (lighter blue) for the water vapor,
(black) for diesel and darker gray (red) and (yellow) for light reflection. The images reveal that with
the increase in the droplet temperature, the water boiling increased and consequently, the sub-droplet
oscillated strongly and their shapes changed accordingly. In fact, the interfacial tension between the
diesel and water phases is temperature dependent [41]. As a result, all the dispersed phase water
droplets (average droplet area 0.005 mm2 at t = 0.034 s) coalesced into two large droplets (0.020 and
0.034 mm2 at t = 1.38 s) as shown in the magnified images (Figure 8). After this time, the droplets
tend to stabilize on the bottom of the parent droplet, while the water boiled. It can be seen from the
magnified images at t = 1.79 s to 2.83 s, the water vapor (blue color) increased as the time elapsed,
and their area increased accordingly (from 0.025 mm2 to 0.043 mm2). After this moment, the droplet
stabilized on the bottom of the parent droplet (0.029 mm2), and then micro-explosion occurred at
t = 3.52 s.

These findings indicate that very small dispersed water droplets coalesced to generate a
trigger point for micro-explosion, however some of the fine droplets evaporated to form bubbles.
These bubbles form at a deeper location inside the diesel phase [36].

The sub-droplet penetration direction is considered key to determine the parent droplet breakup
outcome [36]. In summary, in fine dispersed water droplets, the micro-explosion time depended on
the explosive boiling of multiple water sub-droplet coalescing into a large droplet.

To further understand the effect of bubble forms on the droplet diameter expansion, we measured
the parent droplet size. Figure 9 shows the change in the droplet diameter with respect to time
(in accordance with images obtained in Figure 8) of case D. It can be seen that droplet diameter
increased initially from t = 0.002 to t = 1.3 s. This was due to the transient heating causing the droplet
to expand by the evaporation of the dispersed phase being greater than the parent droplet shrinkage
caused by its evaporation at the surface. After this stage, the dispersed phase water droplets coalesced
rather than evaporated, and thus the parent droplet size decreased due to evaporation.
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Figure 8. Droplet heating behavior during of emulsion: D (raw image) and d (processed image).

Figure 9. Droplet diameter versus time for sample D.
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4. Conclusions

The effect of the injection system on the dispersed phase and micro-explosion phenomena was
investigated. An emulsion of (10% v/v) water-in-diesel at different injection pressures (500, 1000 and
1500 bar) was tested under Leidenfrost conditions. Our measurements provide new evidence of the
effect of injector nozzle on micro-explosions. Significant findings from this study include:

(1) The dispersed droplet sizes reduce significantly after the emulsion is injected through the nozzle’s
orifices, and some of the water is lost through evaporation during the injection.

(2) Micro-explosions were delayed as a result of the shear in the injector nozzle. This was found to
be the result of a shift of the emulsion towards a nano-emulsion, leading to the deceleration of
the coalescence rate which, in turn, increased the stability of the emulsion.

(3) For fine dispersed water droplets, the micro-explosion time depends on the explosive boiling of
multiple water sub-droplet coalescence into larger droplet.

(4) The temperature of micro-explosion increases with injection pressure.

As a result of this study, we suggest that differences in injection pressures have a significant effect
on the micro-explosion of emulsified fuels. Further research is needed to assess the micro-explosion
behavior of emulsified fuels under real engine conditions taking into account the effect of fuel shear in
the fuel injection equipment.
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