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HIGHLIGHTS

® We studied the effect of a common-rail injection system on water-in-diesel emulsion.
® Dispersed droplet sizes are significantly reduced by the high-pressure fuel pump.

® Dispersed droplet sizes are further reduced by the injector’s nozzle orifices.

® Fuel returned to the tank by the pump and injector also had smaller dispersed phase.
® Properties of the emulsion in the fuel tank can change significantly with time.

ARTICLE INFO ABSTRACT

Keywords: Water-in-diesel emulsions are known to lead to micro-explosions when exposed to high temperatures, thereby
Water-in-diesel offering a technology that could improve the mixing of fuels with the ambient gas. The number and size dis-
Macro-emulsions tributions of the dispersed phase have a significant effect on both the long-term stability of the emulsion and the

Nano-emulsions

probability of micro-explosion inside an engine. Although the elevated pressures, temperatures, and shear found
Micro-explosion

in high-pressure pumps and common-rail injector nozzles are likely to alter the properties of emulsions, the
effect of these engine components on the injected emulsion are not known. To address this issue we sampled an
emulsion at several locations within the injection system, from the fuel tank to the injector nozzle, and measured
the evolution of the droplet size distribution of the emulsion’s dispersed phase. We varied the water mass
fraction (5, 10 and 15% by volume) of the emulsion and the injection pressure (500, 1000 and 1500 bar), imaged
the samples using a high-resolution microscope and extracted the droplet size distribution using a purpose-built
image processing algorithm. Our measurements reveal that the dispersed droplet sizes reduce significantly after
the emulsion is compressed by the high-pressure fuel pump, and again after being injected through the nozzle’s
orifices. Additionally, the dispersed droplet sizes measured from the pump’s return and injector return to the fuel
tank were also smaller than the initial size, suggesting that the physical and calorific properties of the emulsion
in the fuel tank can change significantly with time. Hence we propose that differences in injection equipment
and engine testing duration may contribute to some of the disagreements in the literature regarding the effect of
emulsified fuels on engine emissions and fuel efficiency. The engine performance and energy efficiency of ve-
hicle fleets that use emulsified fuels will vary with engine running time, thus potentially inducing a drift in the
engine performance and exhaust emissions. This investigation also suggests that, in order to be representative of
actual injection conditions, fundamental studies of the micro-explosion of emulsion droplets should be per-
formed using much smaller dispersed droplet sizes than those normally found in an unused emulsion.

1. Introduction diesel engines have dominated medium and heavy duty transportation.
However, they remain a significant source of environmental pollution
By combining high thermal efficiency and high energy density, and a concern for air quality in urban areas. To mitigate these issues

* Corresponding author at: Center for Automotive Research and Electric Mobility, Universiti Teknologi PETRONAS, Perak, Malaysia.
E-mail address: mhadi_g03348@utp.edu.my (M.A. Ismael).

https://doi.org/10.1016/j.apenergy.2018.03.070
Received 4 January 2018; Received in revised form 24 February 2018; Accepted 25 March 2018
0306-2619/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2018.03.070
https://doi.org/10.1016/j.apenergy.2018.03.070
mailto:mhadi_g03348@utp.edu.my
https://doi.org/10.1016/j.apenergy.2018.03.070
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2018.03.070&domain=pdf

M.A. Ismael et al.

and meet stringent emission regulations, engine manufacturers have
used a range of hardware-based strategies, such as high-pressure fuel
injection, particulate filters, exhaust gas recirculation, fast-response
injectors and multiple injection strategies [1]. While these technologies
have significantly reduced the tailpipe emissions of new modern ve-
hicles, they remain both expensive and generally unsuitable for retro-
fitting on existing vehicle fleets. Hence there is a need to identify fuel-
based technologies that could enable the production of clean low-cost
heavy-duty powertrains, and provide a way to reduce emissions from
existing vehicles, particularly for developing countries where the cost of
state-of-the-art hardware technologies may be prohibitive.

Water-in-diesel emulsions have received significant attention due to
their potential simultaneously reduce NOx and particulate emissions.
However, despite evidence of some beneficial effects the technology
needs more research to improve the emulsified fuels’ stability and to
better understand their interaction with the fuel injection hardware.
Different methods have been implemented to introduce water into the
engine cylinder, including through injection into the intake manifold
[2], the direct injection of water into the combustion chamber [3,4] and
the emulsification of water into diesel prior to injection into the
chamber [5-13]. More recently the emulsification of diesel with water
in real-time has demonstrated the possibility of producing on-board
water-in-diesel emulsions without the need for surfactants [14,15].
Although a reduction of emissions was obtained using the water in-
jection methods, the engine suffered from corrosion and required ex-
tensive modifications. Therefore the use of water-emulsified diesel fuel
could be a more efficient approach for the reduction of exhaust emis-
sions while improving engine performance, without requiring any en-
gine modification. Diesel and biodiesel-diesel emulsions with 15%
water concentration were found to increase break thermal efficiency by
approximately 6%, with a 30% reduction in NOx and smoke and a 70%
reduction in unburnt hydrocarbons [16]. Brake specific fuel consump-
tion (BSFC) increases due to the lower calorific value of the emulsions
[17] as water displaces diesel fuel. However, computing BSFC using the
nominal water content of an emulsion neglects the possibility that the
engine’s fuel system could promote de-emulsification and the loss of
water through heating and shearing of the emulsion. As a result, the
actual proportion of water in the emulsion injected inside the engine
cylinder could be lower than that of the “fresh” unused emulsion. If
strictly the amount of fuel within the emulsion is considered to compute
the BSFC then fuel consumption is found to reduce when compared to
neat diesel [18]. Hence, a better understanding of the effect of the fuel
injection hardware on the properties of the emulsions is essential if
correct fuel efficiency calculations are to be performed.

Interestingly, some research shows that emulsifying diesel with
wet algal biomass instead of water could produce reductions of NOx
and particulate emissions while also increasing the calorific value of the
emulsion [19]. An increase of water concentration to 30% results in
longer ignition delays due to the lower volatility and higher viscosity of
the dispersed phase [20]. The vaporization of the emulsion’s water
seems to reduce in-cylinder temperature, thereby reducing NOx for-
mation [21,19]. Soot emissions also reduce through the increased for-
mation of hydroxyl radicals when a water-in-diesel emulsions are sub-
jected to high temperature, which increase the oxidization rate of the
soot [22]. Research shows that effects of emulsions on NOx emissions
[23] and engine efficiency [24] are significantly related to the prop-
erties of the dispersed water droplets, with smaller dispersed droplet
sizes leading to improvements in combustion and emissions. Yang et al.
[9] argued that smaller dispersed water droplet sizes accelerate flame
propagation and therefore shorten the combustion duration. There is
also some speculation in the literature that the combustion process is
also improved through an increased secondary atomization [25,26],
leading to better air-fuel mixing [27]. The potential for water-in-diesel
emulsions improving the secondary atomization process is believed to
be attributed to the phenomena of puffing and micro-explosion. Micro-
explosion is caused by the rapid breakup of a droplet due to the

763

Applied Energy 222 (2018) 762-771

different volatility of the diesel (continuous phase) and water (dis-
persed phase), leading to the accelerated breakup of the emulsion
droplets into smaller droplets. The puffing phenomenon is related to
some of the dispersed water bursting out of the emulsion droplets [28].
Both phenomena enhance the effective fuel droplet size distribution,
air-fuel mixing, and ultimately the fuel efficiency [29]. The speculation
that micro-explosion and puffing improve secondary atomization and
combustion in engines [30] seem mostly based on indirect evidence
that increased spray dispersion angle and penetration [25] result in
longer ignition delay, which in turn enhances the air-fuel mixing
[9,32]. Despite these findings only few studies provide direct observa-
tions of droplet micro-explosions in conventional sprays [31,33-35]
and during combustion [36,37].

Micro-explosion is a particularly fast process which cannot be cap-
tured easily at engine operating conditions. Hence, single droplet ex-
periments are often used to facilitate the observation of these events
and to develop hypotheses on the relation with the performance of
emulsions in engines [38-40]. Observations of the occurrence of micro-
explosion for isolated emulsion droplets showed that these events are
influenced by water concentration, surfactant type, dispersed water
droplets size and temperature [41,42]. Some researchers observed that
the intensity of micro-explosions increased with water content [43,44]
as well as with the droplet size of the dispersed water phase. Fine dis-
persed droplets (1-2 um diameter) did not give rise to micro-explosion
[45], and the optimum dispersed droplet size was found to be in the
order of 5 um [46]. The reason for fine dispersed water droplets to in-
hibit or delay micro-explosion is believed to be due to their lower
coalescence rate [42,47]. A particular limitation of these direct ob-
servation of micro-explosion events is that the size of the isolated
emulsion droplets tend to be several orders of magnitude larger than
the droplets found in typical diesel sprays.

The size of the dispersed water droplets is a good indicator of de-
emulsification, hence it can play significant role in improving our un-
derstanding of the emulsion properties and its evolution through the
fuel injection system. Therefore, to control the micro-explosion and
energy efficiency of emulsified fuels it is essential to control the number
and size distributions of the dispersed phase from the tank through to
the injector. These characteristics are highly dependent upon the water
concentration in the emulsion [48], as well as the emulsion production
method. For example using a mechanical stirrer (average droplet size
~30 um), decreases breakup rate and increases coalescence rate re-
sulting in larger droplet sizes [45,49]. While using a homogenizer
(average droplet size ~2um), the emulsions are subjected to intense
pressures, temperatures and shear flow fields, therefore, the coales-
cence rate was found to be even higher with increased water eva-
poration before injection in the engine [50].

Recent theoretical models for the mixing characteristics of water-in-
diesel emulsions have demonstrated the importance of the emulsion’s
density [51], the temperature distribution of the continuous phase [52],
and the size distribution of the dispersed phase [28]. However, direct
evidence of the impact of the fuel injection system on the dispersed
phase has been sorely missing, despite the significant pressures, tem-
peratures and shear imposed on the fuel by several hardware compo-
nents. Improving our understanding of the evolution of the emulsion’s
properties throughout the fuel injection equipment (FIE) is essential for
the validation of numerical simulations of in-cylinder micro-explosion
of water-in-diesel fuels.

In this article we address some of these limitations, and show that
both the high-pressure pump and injector nozzle significantly modify
the size distribution of the dispersed phase. We show that the high-
pressure pump shifts the dispersed water droplets to a smaller mean
diameter (Section 3.1). Hence the fuel that is returned to the fuel tank
(from the pump, common-rail and injector returns) is different from the
initial emulsified blend, thus inducing a progressive change of the
physical and calorific properties of the fuel in the vehicle’s tank. We
also show that the injector nozzle further shifts the dispersed water
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droplets to an even smaller mean diameter. A quantitative analysis of
the emulsions’ density and dispersed water volume demonstrates that
although a large proportion of the water could no longer be detected
optically, it still remained within the fuel either as dispersed water or as
a nano-emulsion (Section 3.2). This finding indicates that the emulsion
injected inside the cylinder has a different dispersed phase size dis-
tribution compared to the fresh blend. As a result, and to be comparable
to in-engine investigations, the boundary conditions for fundamental
experimental and numerical studies on the behavior of water-in-diesel
droplets should be set using a much smaller dispersed droplet size than
that found in unused emulsified fuel.

2. Materials and methods
2.1. Stability and physical properties of emulsified blends

The density and viscosity of the neat diesel and emulsions were
measured using an Anton Paar density meter (DMA 4500 M) and an
Anton Paar viscometer (Lovis 2000 M). The surface tension was mea-
sured by the pendant drop method (DataPhysics OCA 15EC), and the
calorific value was obtained using an isoperibol calorimeter (Leco AC-
350). The properties of all fuels tested are shown in Table 1.

The emulsions were custom-blended for this study with a mechan-
ical stirrer using a reference diesel fuel, surfactant and water con-
centrations of 5, 10 and 15% by volume. The kinetic stability of an
emulsion represents its ability to resist separation into diesel and water,
which naturally occurs through flocculation, sedimentation and coa-
lescence of the dispersed phase [53-55]. To characterize the stability of
these custom-blended water-in-diesel emulsions we performed a cen-
trifugal test followed by a gravitational stability test. The samples were
centrifuged for 10 min at 1000 rpm, and then stored. The samples were
inspected every hour for the first 7h, and then at 24-h intervals for
7 days, to record the de-emulsification of the blends (Fig. 1). All sam-
ples were stable for the initial 2h, and then exhibited some de-emul-
sification after 7 h, through both sedimentation (water droplets settling
downwards) and creaming (diesel droplets settling into a top layer).
After 7 days all samples showed significant separation of the emulsions,
with the samples that contained the highest concentrations of water
resulting in the most significant sedimentation.

2.2. Experimental setup

2.2.1. Fuel injection system

A common-rail, electronically-controlled injection system was used
to generate and induce the high injection pressure sprays into the
samples collector. The experimental setup (Fig. 2) used in the present
study is the same as that of the authors’ previous work [56]. This in-
jection system provided flexibility in controlling the injection timing,
injection duration and the rail pressure. The fuel injection equipment
included: an electric motor, a high-pressure fuel pump (Denso HP3
294000-0354) rated at 180 MPa, a high-pressure delivery pipe, a
common rail, a regulator valve, a pressure gauge, a diesel injector and
an injector driver. The fuel injector used for this study was a solenoid
valve servo-actuated Denso injector with a 6-hole nozzle with orifice
diameters of 0.2 mm. The injection duration was kept at 3 ms for all the

Table 1

Properties of neat diesel and water-in-diesel emulsions.
Water content  Density at Viscosity at Calorific value  Surface
(%v/v) 25°C (kg/m®) 40°C (mm?/s)  (MJ/kg) tension

(N.m)

0 (neat diesel) 825 3.21 43.20 27.1
5 841 5.06 42.09 32.1
10 850 8.33 39.25 31.3
15 858 9.35 36.30 26.6
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Fig. 1. De-emulsification curves for the water-in-diesel emulsions with 5, 10
and 15% water content by volume. All samples were stable for the initial 2 h,
and then exhibited some de-emulsification after 7 h. After 7 days, all samples
showed significant separation of the emulsions, with the samples that contained
the highest concentrations of water resulting in the most significant sedi-
mentation.

experiments. Two thermocouples (K-type) were used to measure the
fuel temperature after the return connections of the high-pressure pump
and common rail.

In order to investigate the effect of the fuel injection equipment on
the properties of the emulsion, we sampled the fuels at several key
points within the system. The sampling locations (Fig. 2) included the
fuel tank (S1), the return from the high-pressure pump (S2), the
common-rail (S3), the return from the injector (S4), and the fuel spray
(S5). We selected these locations to discriminate between the effects of
the high pressures, temperatures, and shear found in the various com-
ponents of the fuel system. Note that we removed the return connec-
tions from the pump, common-rail, and injector back to the tank. This
was done to avoid cross-contamination of the samples, and to ensure
that the properties of the emulsion in fuel tank would not change with
time. This enabled us to relate the individual contributions of each
component of the FIE to changes in the emulsion properties. One lim-
itation of our study is that the components of the fuel injection equip-
ment could not be maintained at the temperatures found in a vehicle. In
particular it was not possible to replicate the temperatures and gas
pressures normally found inside a combustion chamber (sample S5)
because under these conditions the fuel would have evaporated and
combusted. Since higher engine component temperatures are expected
to accelerate the de-emulsification and water evaporation [30,57,58],
our study underestimates the degradation of the emulsion. It is inter-
esting to note that the de-emulsification we observed is likely to be
much more severe under actual engine operating conditions.

2.2.2. Image acquisition, processing and analysis

We measured the water content and concentration by measuring the
droplet size distribution of the dispersed phase for all samples. We used
a microscope (Olympus BX51) with 50x magnification and 10 um depth
of field to acquire high-magnification images of the dispersed water
droplets. The sampled blends were deposited on a glass plate for ana-
lysis. To avoid cross-contamination of the samples, we thoroughly
cleaned the glass plate using a solvent between each measurement. To
prevent the dissolution of the emulsion’s interface by solvent residues,
we coated the glass plate with a film of nonpolar oil before depositing a
droplet of the emulsion sample. 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 avoid this issue, we
focused the microscope half way between the glass/emulsion and
emulsion/air interfaces. We acquired images of the dispersed droplets
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Fig. 2. Schematic of the experimental setup. The locations of the five collection points for emulsion samples are labelled S1 to S5. These enabled monitoring of the
evolution of the emulsion properties from the fuel tank through to the injection.

using a digital camera, scanning 10 different physical locations within
each sample to obtain statically representative droplet size distribu-
tions.

All raw images were then analyzed using a purpose-built MATLAB
image processing algorithm to automatically detect the dispersed dro-
plets and measure their sizes. The main steps of the image processing
included:

. Global image threshold using Otsu's method [59]

. Dilation of the detected objects, to close some of the translucent
droplets’ boundaries

. Filling holes of translucent droplets

. Erosion of the objects, to correct the dilation performed in step 2

. Segmentation of the image produced in step 4

N

The segmentation performed in step 5 of the algorithm was based on
a marker-controlled watershed transform of the Euclidean distance
transform of the mask produced in step 4. This approach was used to
correctly label agglomerated droplets which were too close to be
identified individually using simpler segmentation techniques. The al-
gorithm successfully detected most droplets, while discarding out-of-
plane defocused droplets, as well as some agglomerates which could not
be separated by the watershed transform (Fig. 3). For this particular
figure the image processing detected 309 droplets. A visual count in-
dicates that 10 medium and large size droplets were not correctly de-
tected, giving a false-negative detection rate of 3%. Since this detection
error is not biased towards a particular droplet size we can confirm that

Fig. 3. Output from the image processing algorithm. The white circles indicate
the droplets that were detected from the acquired image. The algorithm suc-
cessfully detected most droplets, while discarding out-of-plane defocused dro-
plets, as well as some agglomerates which could not be separated by the wa-
tershed transform.
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there is no particular bias in the image processing.

Filters were applied onto the detected objects, to remove spurious
small and large droplets, to remove non-circular objects, and to remove
droplets which were not entirely captured within the image frame.
Finally, the equivalent diameter of each detected droplet was calculated
based on the droplet’s area. Although the image scale factor of the
optical system was 44 nm/pixel, droplets with diameters smaller than 5
pixels were discarded as they could not be fully resolved. Hence the
smallest droplet diameter that could be processed by our image pro-
cessing algorithm was in the order of 250 nm. This equivalent diameter
was used to plot the dispersed droplet histograms and water volume
content presented in Section 3.

3. Results and discussion

In this section we present evidence that the fuel injection equipment
has a small effect on the water concentration of the blends (Section
3.1), due to some water separating or evaporating out of the macro-
emulsion. We then demonstrate a significant shift of the size distribu-
tion of the dispersed phase towards smaller droplet sizes (Section 3.2).
This is caused by the elevated shear and temperatures exerted by the
high-pressure pump and the injector’s nozzle onto the fuel. We con-
clude that a large proportion of the water remains within the emulsions
either diffused or in the form of a nano-emulsion, rather than as a
macro-emulsion.

3.1. Influence of the injection system on the water concentration

We operated the injection system and collected five samples for
each emulsion blend at 500, 1000 and 1500 bar injection pressure. A
visual analysis of the samples confirmed that the 10 and 15%v/v
emulsion collected after the injector nozzle were significantly different
to the other samples (Table 2). While the initial appearance of these
emulsions were turbid, as expected for a macro-emulsion, the appear-
ance of all the emulsion samples became more translucent after

Table 2
Physical appearance of the samples for 500, 1000 and 1500 bar.
Water Fuel tank HP-pump Common- Injector Injector
content return rail return return nozzle
(%v/v)
5 Semi- Semi- Semi- Semi- Translucent
translucent  translucent  translucent  translucent
10 Turbid Turbid Turbid Turbid Semi-
translucent
15 Turbid Turbid turbid turbid Semi-
translucent
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injection. This suggests that either a considerable proportion of the
water separated (or evaporated) out of the emulsion, or the emulsion
shifted to a nano-emulsion with dispersed diameters smaller than
100nm [60]. In both cases a fundamental change in the emulsion’s
properties is required to alter the visual appearance of the samples,
which would ultimately impact the mixing and combustion of the
blends.

To ascertain whether the emulsion’s water had separated out of the
blends we measured the density of the samples, and then used a mixing
model to compute the water concentration for each sample. This in-
dicated that for the injection conditions which created the highest
temperatures and shear (1500 bar injection pressure), the water con-
centration of the 15%v/v blend reduced to 12.5%v/v after injection
(Fig. 4). For comparison, the 10%v/v blend was found to contain 9%v/
v water after injection. Although these quantities of water loss are not
negligible, they represent a relatively small change considering the
significant shift in the blends visual appearances.

The change of density between the fuel in the tank and the fuel
returning from the high-pressure pump was not significant at 500 bar,
but a loss of more than 1%v/v was observed at 1500 bar (Fig. 4). This
can be explained by the pump and fuel temperatures rise experienced at
the higher injection pressures, thus promoting the evaporation of some
of the emulsions’ water. This evaporation would occur between the
pump’s return and the tank, hence the water would be lost to the at-
mosphere and never reincorporated into the blend. Our tests only lasted
a few minutes, and we can expect that with recirculation times of hours
or days this water loss could be rather non-negligible.

The next sample points after the pump return are the common-rail
return, and then the injector return. Interestingly, the blend density
further dropped after the common-rail return for all samples at all
conditions, but the density then increased after the injector return. This
would suggest that the water concentration increased between the
common-rail and the injector, which is not physically possible as no
water was added to the system. We observed that the fuel sampled after
the common-rail was considerably hotter than for the other sample
locations, reaching 95 °C at 1500 bar (Fig. 5). Although we attempted to
rapidly cool down all the samples to inhibit evaporation after their
collection, the elevated temperatures found after the common-rail
sample point resulted in some water evaporating out of the blends after
being collected. This resulted in artificially low water concentrations
for that particular sample location in Fig. 4. By observing that the
densities measured at the pump return and at the injector return are
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almost identical in all cases, we can conclude that the water con-
centration did not change inside the common rail.

The final sample point was after the injector nozzle, by collecting
the spray itself. We observed a significant drop in density, suggesting
that some of the water was lost through evaporation after being in-
jected. As in the case of the common-rail, it is possible that the water
evaporated after the spray samples were collected. However the spray
samples cooled down much more rapidly due to the large surface area
of the container and the atomization of the fuels. In any case, eva-
poration of water from the spray would normally occur within the
engine cylinder. Hence this water would not be lost, but would con-
tribute to the combustion itself. We note however that the density drop
after the nozzle is relatively small, indicating that most of the fuel’s
water has remained emulsified or diffused within the diesel.

Our analysis confirms that the blends’ absolute water concentration
did not reduce significantly as a result of the injection system. Hence
the change in visual appearance for the fuel sampled at the injector
nozzle is not the result of de-emulsification or water evaporation within
the injection system, but it is likely due to a change in the properties
emulsions’ dispersed phase. In the next section we will show that the
size distribution of the emulsion’s dispersed phase shifted towards
much smaller diameters, transforming some of the macro-emulsion into
a semi-translucent nano-emulsion.

3.2. Effect of the injection system on the size distribution of the dispersed
water droplets

The microscope images in Fig. 6 show typical samples of the dis-
persed phase for the 15%v/v emulsion. The samples were collected
from five locations (from fuel tank to the injector nozzle) while the
injection system was running at 1000 bar. We can observe from these
images that the fuel returned from the high-pressure pump contained
smaller droplets than those found in the tank’s fresh emulsion. We can
then note that the size distribution further reduced inside the common-
rail, but then increased again after the injector return. This suggests
that the emulsion is affected by the elevated temperatures in the
common-rail, most likely due to viscosity and surface tension being
inversely proportional to temperature [61] thus producing small dro-
plets [62], but coalescence then occurs between the rail and the injector
line as the fuel cools down [63,64]. Finally, the spray sampled after the
injector nozzle contained very fine droplets compared to the other
samples, and a visibly reduced concentration. These images support the
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Fig. 5. Effect of high pressure pump on temperature of 15% water content of water-in-diesel emulsion fuel at the exit from the pump return and common rail valve.

The initial temperature of the fuel is 26 °C.

findings in the previous section that the most significant changes to the
emulsion’s properties occur at the high-pressure pump, through ele-
vated pressures and temperatures, and at the injector nozzle through
high temperatures and shear.

We processed images of all the samples and produced probability
density functions of the dispersed droplet diameters (Fig. 7), to unravel
the effect of the fuel injection equipment components on the dispersed
phase for three injection pressures (500; 1000 and 1500 bar) and three
water content (5; 10 and 15% by volume). For all test conditions the
fuel pump was found to shift the distributions towards smaller sizes,
when compared to the unused emulsion found in the fuel tank. In many
cases we can observe that the particularly large droplets found in the
tank (> 4 um) are no longer present in the other samples, confirming
that the high-pressure pump reduced the droplet size distribution. Few
differences could be observed between the samples taken from the
pump return, common-rail return and injector return. This lack of

S1: Tank

S4: Injector return

20 tm=

S2: Pump retrn

S5: Injector nozzle

significant changes to the emulsions is consistent with our results for
the visual appearance of the blends (Table 2), for the emulsions’ den-
sities (Fig. 4), and a qualitative observation of the raw images (Fig. 6).

The injector nozzle further shifted the distributions’ modes to a
smaller diameter, with a general shift from 2 pum to 1 pm. Since micro-
explosion of emulsified fuel is sensitive to the cube of the dispersed
droplet diameters [65], and the emulsion stability enhanced with
smaller droplet size [9], therefore, this reduction in size distribution
could significantly reduce the propensity for the emulsion to explode
while mixing inside the combustion chamber.

To further illustrate the effect of each component of the fuel injec-
tion system on the emulsions we converted the probability density
functions (Fig. 7) into cumulative density functions (Fig. 8). Three
classes of distributions clearly emerge: (1) the fuel tank has the largest
droplet sizes; (2) the pump, common-rail and injector returns have
smaller but similar sizes; (3) the post-injection samples taken at the

@«

S3: Common-rail return

20pim

Fig. 6. Images of water-in-diesel emulsion samples for 15%v/v water content, examined under an optical microscope at 50 X magnification for five different

sampling locations in the common rail system. The injection pressure was 1000 bar.
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Fig. 7. Effect of the fuel injection equipment components on the dispersed water droplets size distribution (probability density function) for three injection pressures
(500; 1000 and 1500 bar) and three water content (5; 10 and 15% by volume). For all test conditions the fuel pump was found to shift the distributions to smaller
sizes, and the injector nozzle further shifted the distributions’ modes to a smaller diameter.

injector nozzle have the smallest dispersed droplet size distribution.
This demonstrates that the most significant changes in the emulsion
occur first within the fuel pump, and then in the injector nozzle as
previously discussed.

In order to estimate the concentration of water in the images of the
samples, we computed the volume of every droplet detected by our
algorithm. By measuring the depth of field of our microscope (10 pm)
we could obtain the sampling volume of our instrument. Since the
images were shadowgraphs, we needed to account for the fact that
droplets larger than the sampling volume would have a dispropor-
tionate effect on our volume calculations. This is because the periphery
of large droplets would be clearly visible, but along the optical path
these droplets would extend beyond the sampling volume, thus in-
correctly increasing the computed water concentration. To account for
this effect and eliminate the bias towards large droplets, we im-
plemented a slicing model to discard the out of plane volume of all
droplets larger than the microscope’s depth of field. The image-based
water concentration can then be compared to the density-based ap-
proach we used in Section 3.1. The two approaches gave similar water
concentrations for samples taken from the fuel tank (Fig. 9), giving
confidence that our image-based approach is reasonable. It is inter-
esting to observe that although the total water concentration (measured
from the blend density) did not reduce significantly through the in-
jection system, the visible water concentration (measured from the
microscope images) showed a very significant reduction of the water
content. The significant difference between these two measurements
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indicates that a large proportion of the emulsion’s water is no longer
visible as discrete water droplets. It is possible that some of the water
has diffused into the fuel, but it is most likely that the high tempera-
tures, pressures and shear present in the fuel injection system have
broken up a large proportion of the droplets towards much smaller
diameters that could not be resolved by our image-based technique. In
the process, parts of the initial blends were transformed from macro-
emulsions into semi-translucent nano-emulsions.

These results suggest that a significant impact for real applications is
that the performance and energy efficiency of emulsions used by ve-
hicle fleets will vary with engine running time. With extended oper-
ating times the water content of the emulsion returned to the fuel tank
will decrease significantly. This drop in the emulsion’s water content in
the fuel tank will inevitably change the physical and calorific properties
of the fuel being injected, which in turn will induce a drift in the engine
performance and exhaust emissions, reducing the break thermal effi-
ciency, increasing NOx, smoke and unburnt hydrocarbons emissions
[16].

4. Conclusions

We investigated the effect of a common-rail injection system on the
dispersed phase of several water-in-diesel emulsions. We sampled each
emulsion at several locations within the injection system, from the fuel
tank to the injector nozzle, and measured the evolution of the droplet
size distribution of the emulsion’s dispersed phase. Our measurements
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Fig. 8. The cumulative density functions show that three main classes of distributions emerge: (1) the fuel tank has the largest droplet sizes; (2) the pump, common-
rail and injector returns have smaller but similar sizes; (3) the post-injection samples taken at the injector nozzle have the smallest dispersed droplet size distribution.
This demonstrates that the most significant changes in the emulsion occur first within the fuel pump, and then in the injector nozzle.

Fuel emulsion water concentration
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provide new evidence of the evolution of emulsion inside high-pressure
injection systems. Significant findings from this study include:

1. The dispersed droplet sizes reduce significantly after the emulsion is
compressed by the high-pressure fuel pump, and again after being
injected through the nozzle’s orifices.

. The visual appearance of the blends, the emulsions’ densities, qua-
litative and quantitative analysis of the dispersed droplet size dis-
tributions all confirm that the macro-emulsion turns into a nano-
emulsion after the injector nozzle.

. The dispersed droplet sizes measured from the pump’s return and
injector return to the fuel tank were also smaller than the initial
sizes, suggesting that the physical and calorific properties of the
emulsion in the fuel tank can change significantly with time.

As a result of this study we propose that differences in injection
equipment, and engine testing duration, may contribute to some of the
disagreements in the literature regarding the effect of emulsified fuels
on engine emissions. Our findings also show that computing BSFC using
the nominal calorific value (i.e. water content) of an emulsion could be
misleading as this neglects the fact that the engine’s fuel system pro-
motes the de-emulsification and the loss of water through heating and
shearing of the emulsion. Since the exact water content of an injected
emulsion will depend on operating conditions as well as injection
hardware specifications, we recommend computing BSFC based on an
emulsion’s fuel content only. Another significant consequence for ve-
hicle fleets that use emulsified fuels is that the physical and calorific
properties of the emulsion in their tanks will change with engine run-
ning time, thus potentially inducing a drift in fuel consumption, engine
performance and exhaust emissions with time.

This investigation also suggests that, in order to be representative of
actual injection conditions, fundamental studies of the micro-explosion
of emulsion droplets should be performed using much smaller dispersed
droplet sizes than those normally found in an unused emulsion.
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