

















be defined as the distance between the injector tip and the first pixel above a preset
threshold along the jet centerline. The determination of the threshold has been
discussed by a number studies. [31,32] In a most recent study of et al [29], both the
centerline intensities and the derivatives have been used to divide the spray jet into
continuous liquid core, droplets and fuel vapors. After performing a similar analysis, the
author found the determination of the droplets penetration and vapors penetration could
be very challenging and subjected to inconsistency due to the aforementioned soot
luminosity noise in the background. Therefore, only one threshold was chosen in the
present study and was referred as the liquid penetration. It is also worthwhile to mention
that penetration is not merely decided by "one" pixel touching the threshold, but rather a
3x3 pixel arrays whose value are all above the threshold, such that the impact of the
noise can be minimized. Once the liquid penetration was determined, the cone angle
can be measured by finding the farthest 3x3 pixel array above the same preset
threshold perpendicular to the jet centerline in the similar fashion as the liquid
penetration determination. All the results were averaged from at least five shots for a
statistical base.

3. Results and discussion
3.1 Fuel stability

After 14-day standing, the separate layers occurred in the tubes of HLB equal to 6,
7, and 8, which were 8, 16, and 20% volume of total emulsion, respectively. Therefore,
nearly no separate layer, milky white liquid of emulsion indicated that the HLB = 5 is the
relatively suitable surfactant composition to the diesel/water interfacial condition.
However, both blending duration time and water content did not show any significant
effect in the appearance of emulsion because of that all the O/W/O diesel with different
water contents and operation times stayed in a stable one crystalline phase. Thus, the
more micro-scale observation becomes important.

The bubble size distribution and SMD could also grade the homogeneities of
different fuels. Additionally, the smaller droplet diameter leads to the greater reaction
surface per volume of fuel, thus promoting more complete combustion [7,8]. Fig. 2a to
2d showed the bubble appearances, sizes and homogeneities of the 5, 10, 15, and 20
vol.% water-containing emulsified fuels under a 400x microscope.

Figure 2. O/W/O bubbles of water-diesel emulsion with (a) 5%; (b) 10%; (c) 15%; and (d)
20% water contents under 400x microscope

Obviously, the 5 vol.% water emulsified diesel (W5) had the smallest and most
homogeneous bubble distribution while the big bubbles increased with the water
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contents. For the quantitative analysis, Fig.3a shows the probability density function
(PDF) of the O/W/O bubble sizes. The PDF curves displayed the W5 and W10 had
relatively higher fractions of small bubbles around 2 um while W15 and W20 had lower
peak value at the smaller diameter region. Additionally, all of the W10, W15 and W20
had an extra peak close to 4 ym of diameter which means more non-homogeneous
distribution then W5. The volumetric density function (VDF) was defined as the volume
ratio (vol.%) of (bubble with specific diameter) / (overall bubble volume) in Fig.3b. VDF
could amplify the contribution of those huge bubbles with small number, which could not
be shown in PDF graph. According to the VDF, the specific bubbles with relatively longer
diameter were found around 17~21 ym and 24~30 ym in W15 and W20 curves,
respectively. The above results reveal that the destabilizing tendency increased with the
increasing water content even W20 still stay in a stable milky emulsion after 14-day

standing.
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Figure 3. (a) Probability density functions of various W/O droplet diameters; (b)
volumetric density fractions of various W/O droplet diameters
In addition, the SMD calculation showed that the extension of emulsification time
did not work while the SMD of W20 with 5, 10, 20, 30 minutes operation durations were
30.2, 29.8, 30.1, and 29.8 m, respectively. Therefore, 10 minute was practically used
for its efficient and sufficient property. For grading the stability of different water
additions, SMD of W5, W10, W15, and W20 were derived as 2.57, 5.91, 10.2, and 29.8
m, respectively. This result again indicated the instability of higher water fraction in
emulsion which would flocculate, coalesce, and form cream after a longer time which
supported by the aforementioned VDF graphs. However, Fu et al [22] has reported that
the micro-explosion strength has a maximum value around 40~60 vol.% of water and
decreased in either lower or higher region. The storage energy of nucleation will be
small and lead to a weak micro-explosion when the water content was small; when
water ratio was large, more water needed to evaporate for keeping on an oil membrane
formation, which will lead to small water remained in dispersed bubble [22].
Nevertheless, the micro-explosion strength reduced with the increasing diameter of the
dispersed bubble had been investigated. Both multi-component and emulsion bubbles
had been verified [37, 38]. Consequently, the W10 and W20 were chosen for their higher
tendency and strength of micro-explosion while the storage time should be restrained in
two weeks in current study.
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3.2 Spray Studies.
3.2.1 Liquid penetration and cone angle

The evolution of the spray for a single shot for the three tested fuels under different
ambient temperatures with a injection pressure of 89 MPa are illustrated in Fig.4-6 while
the averaged quantitative measurement of liquid penetration and spray cone angle are
shown in Fig.4 and Fig.5 respectively.

Each curve was averaged over at least five shots and shot-to-shot variation was
typically within 5%, similar error analysis was also applied to integrate natural flame
luminosity as will be discussed later. Under low ambient temperatures, all the tested
fuels presented longer liquid penetration due to the lower evaporation rate, which is
consistent with some previous studies. [29] This proves the trend keeps the same for
emulsified diesel with different water content and different injection pressure. The
benefits from low ambient temperature combustion such as better fuel/air mixing and
larger portion of premixed burn will also be hold. As seen from Figure 4, the penetration
reached a peak rapidly after the injection and gradually shortened once the combustion
was started due to the hot gases pouring back into the spray jet together with the
radiation from the soot emission, enhancing the vaporization. In comparison the
penetration under high ambient temperature were shorter and reached a quasi-steady
state immediately after the injection due to the shorter ignition delay and the rigorous
diffusion flame swallowing the liquid jet spray. Both W10 and W20 were featured with
longer liquid penetration, especially under low ambient temperatures, which can be
attributed by the low volatility of the water.
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Spray Liquid Penetration at 800K for Different Fuel
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Figure 4. Liquid jet penetration for three tested fuels under ambient temperature of a)
800K, b) 1000K, c) 1200K
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Spray Cone Angle at 800K for Different Fuel
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Figure 5. Spray cone angle for three tested fuels under ambient temperature of a) 800K,
b) 1000K, c) 1200K
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Such variation became less apparent as the ambient temperature increased which
can be explained by a few factors. First, the emulsified fuel has higher viscosity and
surface tension than regular diesel fuel which is likely to be more resistant to shear and
break up [20], as both the ambient temperature is elevated, both property will decline
and favors the atomization process, thus makes the penetration comparable to that of
the pure diesel. Micro-explosion, as will be further discussed in the later section, could
also enhance the atomization process. It is interesting to notice that as the water content
increase, W20 actually exhibit a slightly shorter liquid penetration with a injection
pressure of 89MPa, indicating the penetration is a competition result from the low
volatility of water and a better atomization of the water emulsified diesel.

For all the tested fuels, the spray had a relatively larger cone angle at the very
beginning of the injection and narrowed down afterwards. After around 0.4~0.8 ms, it
reached a quasi-steady state though fluctuations can still be observed. The fluctuation
was mainly resulted from the instability along the periphery of the spray jet and possible
background noise. The spray cone angles for water emulsified diesel were generally
larger than those of the diesel and the difference was more remarkable under high
ambient temperature. To explain the observation, the snapshots for a single spray give
more intuitive insights on the spray structure, as it can be clearly seen some abrupt
areas raised along the periphery of the spray jet body especially at the early stage of the
spray evolution and at relatively high ambient temperatures (>1000K) for the water
emulsified fuel which made the spray cone angle larger. Such observation was never
seen with the pure diesel under all circumstances indicating it has to be due to the
presence of water, or the phenomena of micro explosion.

Regarding the impact of the injection pressure, it is apparently that liquid
penetration reached the peak value or the quasi-steady state much faster with elevated
injection pressure due to the higher jet velocity. It is also observed that the liquid
penetration peak increased with elevated injection pressure under low ambient
temperature, though such variation was negligible at high ambient temperature
indicating the smaller fuel droplet sizes induced by higher aerodynamic shear
evaporated faster and compensated the longer penetration caused by the high jet
velocity. The impact of the injection pressure on the spray cone angle is more
pronounced, as lower injection pressure resulted in larger cone angle. This is due to the
fact that with lower jet velocity, the spray has more time to adjust to the surroundings
and less constrained to expand.

4. Conclusion

The spray characteristics of water emulsified fuel with different blending ratio were
experimentally investigated in a constant volume combustion chamber with different
injection pressures and under various ambient temperatures. The bubbles' size of the
water phase has been measured using microscope and stability tests have been
conducted for all the prepared emulsions. All emulsified fuels tested were stable within a
range of two weeks. The fuel was later injected and combusted in the constant volume
chamber. Compared with some of the previous studies, both the ambient temperature
and injection pressure has been widened to a larger range to see if the trends are still
hold for the emulsified fuels in light of the spray penetration and cone angle. It is shown
that both W10 (10% water by volume) and W20 were featured with longer liquid
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penetration, especially under low ambient temperatures, which can be attributed by the
low volatility of the water. Notable increased cone angles were observed for emulsified
fuel at the beginning stage of injection indicating the occurrence of micro-explosion.
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