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Abstract: Diesel engines are known for their excellent efficiency and are therefore used in a variety
of applications. However, they are also one of the main sources of hazardous emissions such as
nitrogen oxides (NOx) and smoke. Water-in-Diesel Emulsion (WiDE) is an alternative fuel that can
possibly reduce some of the pollutant emissions without compromising engine performance. The
surfactant formulation for WiDE usually follows the one used in water-in-oil (w/o) emulsions, where
low hydrophilic–lipophilic balance (HLB) emulsifiers are preferred for better solubility in the diesel
phase and stabilization at storage temperatures. However, by using a hydrophilic blend with a
non-ionic surfactant, it is possible to develop an optimized formulation at higher fuel temperatures,
which occur during an engine’s operating condition, achieving possibly higher benefits. Across
the different speeds, the results for the emulsion show 7.57% mean improvement in specific fuel
consumption (SFC), 19.14% mean improvement in thermal efficiency (TE), 5.54% mean reduction in
carbon dioxide (CO2), 20.50% mean reduction in nitric oxide (NO) and 75.19% mean reduction in
smoke levels. However, carbon monoxide (CO) and hydrocarbons (HC) emissions were higher, with
a mean increase of 81.09% and 93.83%, respectively.

Keywords: water-in-diesel emulsion; diesel engine; performance; emissions; micro-explosion;
combustion efficiency; hydrophilic surfactant formulation

1. Introduction

ICEs significantly contribute to the consumption of fossil fuels responsible for the high
concentrations of greenhouse gases in the atmosphere. In the landscape of these machines,
the diesel engine has established itself as one of the most efficient energy conversion devices
ever produced [1]. Despite this improved efficiency leading to a better fuel economy [2],
it is accompanied by an increase in certain exhaust emissions, especially nitrogen oxides
(NOx) and smoke [3]. Even so, the engine prevails as a dominant category across a diverse
range of applications, where power generation, land-based transportation, agriculture,
military operations, and maritime activities are included [4].

The upcoming European Emissions Standards (Euro 7) are leading to an accelerated
development of alternative technologies with a primary emphasis on achieving reductions
in emissions. To mitigate this problem, several possible solutions are available that can
be separated into two groups: upgrading the technology used in the current engines, and
changing to alternative fuels and power sources. The latter solution prevails as the most
cost-efficient one [5].

Water-in-Diesel Emulsion (WiDE), falling within the latter category, marks a notable
stride in technology, serving as an alternative fuel for seamless integration into diesel
engines, which can potentially offer the dual benefit of enhanced combustion efficiency
and emissions reduction. The versatility of WiDE potentially functioning as a drop-in fuel

Energies 2024, 17, 1328. https://doi.org/10.3390/en17061328 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17061328
https://doi.org/10.3390/en17061328
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2978-3809
https://doi.org/10.3390/en17061328
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17061328?type=check_update&version=1


Energies 2024, 17, 1328 2 of 16

not only streamlines its integration but also mitigates the requirement for costly engine
modifications. This inherent feature can ensure a smooth transition and minimize the
need for costly maintenance, contributing to efficiency and cost-effectiveness in engine
operations [6].

An emulsion is commonly described as a dispersion consisting of two or more immis-
cible phases, held together and mixed by chemical processes and/or mechanical shear [7,8].
To secure the stability of these blends, surfactants are often used to enhance it. The pri-
mary role of these amphiphilic molecules is to lower the interfacial tension between the
different liquids and diminish the attraction between molecules of the same liquid [9,10].
This leads to changes in the free energy at the interface, boosting stability [11]. Low
hydrophilic–lipophilic balance (HLB) surfactants are usually preferred for water-in-oil
(w/o) emulsions [12,13]. Combining them with higher HLB surfactants often enhances
stability [11,14]. Combinations of Tween 80 and Span 80 are the most common choices
when selecting a hydrophilic and lipophilic emulsifier, respectively [10]. Surfactants should
easily burn with no soot, free of sulfur and nitrogen, while having no impact on the physio-
chemical properties of the fuel, hence why non-ionic surfactants are preferred [12]. Their
ability to not dissociate into ions prevents the worsening of exhaust emissions by substances
added to the fuel [15].

Emulsions may exhibit different forms of stability. Macroemulsions are distinguished
from the other types due to their very low stability properties. Kinetically stable solutions
are commonly referred to as nanoemulsions and are stable for a limited time (the dispersed
droplets are held in suspension due to Brownian motion). Microemulsions are thermody-
namically stable, remaining in their lowest energy state, achieving chemical equilibrium
with the environment, and therefore exhibiting a long shelf-life [16,17]. Two-phase emul-
sions are usually divided into w/o and oil-in-water, depending on the composition of each
phase [8]. WiDE are classified as w/o emulsions where diesel is the continuous phase and
water is the dispersed phase. They are generally formed by a hydrocarbon, water, and
one or more surfactants as the emulsifier agent, as shown in Figure 1. The surfactant’s
hydrophilic head interacts with water and its hydrophobic tail associates with diesel.
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Figure 1. Dispersed water droplets in a continuous diesel phase (adapted from [18]).

The enhanced efficiency of these emulsions in combustion can be attributed to the
synergistic events of puffing and micro-explosion within the emulsion droplets [19]. When
sprayed into a high-temperature combustion chamber, the occurring convective and radia-
tive heat transfer processes heat the surface of the fuel droplets. Due to differences in the
volatility of the continuous and dispersed phases (diesel and water), a swift disintegration
of the parent droplets occurs [14,20]. The vapor expansions of the more volatile water
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droplets break and split the fuel droplets apart, inducing a secondary atomization, in
the aftermath of the primary process at the injector, finely fragmenting the fuel droplets
into smaller particles [21]. During this phase, the previously mentioned dual events of
puffing and micro-explosion come to the forefront. The first one is characterized by the
partial ejection of dispersed water from an emulsion droplet. The latter corresponds to
the complete disintegration of the parent droplet [22,23]. The effective fuel droplet size
distribution is enhanced, improving the surface contact area of the fuel molecules with
the surrounding air and ultimately leading to a better mixture formation, more optimized
combustion, and fewer emissions [24–26]. An example of the micro-explosion phenomenon
in a fuel droplet is shown in Figure 2.
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These occurrences show manifestations in the exhaust emissions following the com-
bustion process. A reduced combustion chamber temperature due to the heat sink effect of
the evaporation of water molecules, due to water’s elevated specific heat capacity and latent
heat of vaporization [13], reduces the formation of thermal NOx, favored by the high tem-
peratures which lead to the dissociation of nitrogen from atmospheric air and its association
with oxygen [27]. This effect results in an extension of the ignition delay, allowing more fuel
combustion in premixed mode [14]. A higher air/fuel ratio due to the presence of excess
oxygen in the fuel can also help reduce fuel-rich zones in the heterogenous combustion
inside the cylinder, decreasing smoke emissions [28].

Most studies regarding WiDE are performed using a hydrophobic surfactant formula-
tion, which is ideal for emulsion stabilization at storage temperatures with specific non-ionic
surfactants utilized. They are also consistent in the reduction in NOx and smoke levels,
although the results for other exhaust gases and fuel efficiency differ widely [10,13,14,22,29].
However, with the increase in the fuel temperature due to fuel return to the tank during
engine operation, such a formulation should not be ideal due to temperature changes. The
HLB of some non-ionic surfactants is also found to decrease with temperature increases,
suggesting that when choosing the surfactants at ambient temperature, this number should
be higher [30]. By preparing a formulation in which the water droplets are more thoroughly
dispersed and with a smaller radius, securing more stabilization at higher fuel tempera-
tures, higher benefits are expected to be returned. On top of this, other polar solvents such
as alcohols may be easily added to the emulsifiers, possibly improving some emulsion
properties. A decreased kinematic viscosity difference between diesel fuel and the emulsion
to be tested is also obtained due to prior heating before engine supply. This leads to the
engine’s injection timing, typically optimized for diesel fuel, having a limited impact when
using emulsified fuel due to its association with viscosity.
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2. Materials and Methods
2.1. Emulsion Preparation

A wide variety of methods have been tested and used to develop WiDE fuels [31].
For this case, a low energy mixing method by using a magnetic stirrer for smaller samples
and a mechanical agitator (mixing paddle attached to a drill) for higher volume samples
was utilized. The three main components consist of diesel, water (distilled or deionized),
and surfactants. For this work, EN590 diesel fuel, deionized water, and a combination of a
non-ionic hydrophilic surfactant and a hydrophobic co-surfactant have been utilized. A
temperature of 40 ◦C was selected to develop an optimal formulation. This temperature
was selected based on the temperature of the fuel in the fuel tank of most diesel engines
during normal operating conditions, where after the initial warming-up period, the heated
fuel return gradually increases the fuel temperature in the fuel tank to these temperature
values. Having the work of Fernandes as a reference [32], describing formulations for nano-
and microemulsions using two surfactants and an alcohol, different trials were performed
to obtain an optimized formulation consisting of 89% (m/m) diesel, 8% (m/m) deionized
water, and 3% (m/m) of surfactant blend. Maintaining the diesel and water percentage
constant, trial and error experiments were carried out to find the optimal surfactant to
co-surfactant ratio that would produce a stable emulsion at the temperature of 40 ◦C. After
several attempts, it was found that a ratio of 91% hydrophilic surfactant to 9% lipophilic
co-surfactant was optimal for the stability of the emulsion at 40 ◦C. It was also found that
an increase in the HLB value due to the increase in the hydrophilic surfactant percentage
would increase the temperature at which the emulsion is most stable. Cocamide DEA and
Span 80 were used as surfactants. Their molecular formulas and HLB values are shown in
Table 1.

Table 1. Chemical composition and hydrophilic–lipophilic balance (HLB) of the surfactants.

Surfactants Chemical Formula HLB Value % (m/m)

Cocamide DEA CH3(CH2)10C(=O)N(CH2CH2OH)2 13.5 91
Span 80 C24H44O6 4 9

According to [33], the HLB of the mixture can be calculated by Equation (1):

HLBMix = (1 − ΦS)HLBC + ΦSHLBS, (1)

where HLBC, HLBS, and ΦS correspond to the HLB values of Cocamide DEA, Span 80, and
the mass ratio of Span 80 to the total mass of the surfactants in the mixture, respectively.
This gives a HLB of 12.645 for this formulation, making it a hydrophilic blend of emulsifiers.

In addition to diesel, water, and surfactants, Figure 3 shows the remaining materials
used in the experiments.

Samples of 50 g were prepared and posteriorly tested in a water bath to check their
stability at 40 ◦C. The following protocol was used during the trials for emulsion prepara-
tion: place a beaker in the balance; add the corresponding weight of lipophilic surfactant;
add the corresponding weight of hydrophilic surfactant; in two other beakers, weigh the
corresponding amount of diesel and water; place the beaker containing the two surfactants
in the magnetic stirrer; while stirring at 1000 to 1500 rpm, add diesel to the surfactants;
with a pipette, gradually add the water, droplet by droplet for 5 min; for 2 more minutes,
leave the beaker in the magnetic stirrer to homogenize the solution. The weighted ratio of
surfactant to co-surfactant varied from 85 to 91% with increments of 2% between the trials.
After each trial, the behavior of the sample was observed in a water bath at 40 ◦C and the
best one was chosen by visual means. A flashlight was pointed to one side of the beaker
and the light propagating through the solution on the opposite side was observed. This
would be an indication that the dispersed water particle size was low enough (1 to 100 nm),
with enough polydispersity, to make a stabilized emulsion at the specified temperature. In
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Figure 4 it is possible to see the obtained transparent emulsion consisting of 89% diesel, 8%
water, and 3% surfactant formulation.
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Density, Viscosity and Heating Value

In a diesel engine, combustion is an unsteady process occurring simultaneously at
many regions in a very non-homogenous mixture [34]. Following the injection phase,
atomization, vaporization, mixing, self-ignition, and combustion occur. Numerous factors
can affect the combustion process, with fuels exhibiting unique behaviors depending on
their inherent properties. The spray, mixing, and energy release rate are affected by those
properties. Figure 5 shows the equipment used for density and viscosity measurements. A
thermostatic bath was used to induce temperature variation. Three measurements were
carried out for each temperature and fuel combination.



Energies 2024, 17, 1328 6 of 16
Energies 2024, 17, x FOR PEER REVIEW 6 of 17 
 

 

  
(a) (b) 

Figure 5. (a) Densimeter; (b) Cannon-Fenske viscometer in a 25 °C thermostatic bath. 

The measured density and kinematic viscosity of the two different fuels are shown 
in Figures 6 and 7.  

 
Figure 6. Density at different temperatures. 

 
Figure 7. Kinematic viscosity at different temperatures. 

As temperature increases, density and viscosity decrease in both fuels. These values 
are higher for the emulsion fuel at all temperatures, which can be explained by the pres-
ence of water and surfactant in the blend leading to a denser and more viscous mixture. 
In general, an increase in the viscosity of a diesel fuel will result in a corresponding in-
crease in the ignition delay. This is because a more viscous fuel will be more resistant to 
flow and will take longer to vaporize and mix with the oxygen in the combustion chamber. 
As a result, it will take longer for the fuel to ignite and start the combustion process. 

A bomb calorimeter was utilized, shown in Figure 8, to measure the amount of heat 
exchanged in the chemical reaction of both fuels.  

Figure 5. (a) Densimeter; (b) Cannon-Fenske viscometer in a 25 ◦C thermostatic bath.

The measured density and kinematic viscosity of the two different fuels are shown in
Figures 6 and 7.
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As temperature increases, density and viscosity decrease in both fuels. These values
are higher for the emulsion fuel at all temperatures, which can be explained by the presence
of water and surfactant in the blend leading to a denser and more viscous mixture. In
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general, an increase in the viscosity of a diesel fuel will result in a corresponding increase
in the ignition delay. This is because a more viscous fuel will be more resistant to flow and
will take longer to vaporize and mix with the oxygen in the combustion chamber. As a
result, it will take longer for the fuel to ignite and start the combustion process.

A bomb calorimeter was utilized, shown in Figure 8, to measure the amount of heat
exchanged in the chemical reaction of both fuels.
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Figure 8. Parr 6050 bomb calorimeter.

After performing the necessary calculations to convert the Higher Heating Value at
constant volume (HHVv) given by the calorimeter to the Lower Heating Value at constant
pressure (LHVp), representative of the diesel engine combustion cycle, where water vapor is
assumed to remain in a gaseous state after combustion, and does not consider the recovery
of its latent heat of vaporization [35], Table 2 was obtained, using densities values at 15 ◦C.

Table 2. Heating values of the different fuels.

Fuel HHv (MJ/Kg) HHVv (MJ/L) LHVp (MJ/Kg) LHVp (MJ/L)

Diesel 45.49 38.26 42.53 35.77
8% WiDE 41.68 35.64 38.77 33.15

As expected, the heating value of the emulsion is lower than diesel since water does
not contribute to the energy content of the fuel. However, it is possible to see that the
surfactant blend significantly contributes to the increase in this value, since if only the diesel
portion was considered as the unique energy contributing source, according to Equation
(2), the HHV89 would be 40.4861 MJ/Kg:

HHV89 = 45.49 × 0.89, (2)

where HHV89 is the HHVv in MJ/Kg of the emulsion, considering diesel as the only
energy-contributing factor in the mixture.
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2.2. Engine Testing

Figure 9 shows the engine in which the experiments were conducted. Table 3 shows
its details. An eddy current dynamometer was used to supply load and to measure speed
and torque values. Fuel consumption was measured with a balance by monitoring the
difference in weight over time.

Energies 2024, 17, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 9. Ha  1B-40 diesel engine. 

Table 3. Ha  1B-40 specifications. 

Engine Specifications Parameters Values 
Operation cycle 4-stroke 

Cylinders 1 
Valves per cylinder 2 

Bore [mm] 88 
Stroke [mm] 76 

Displacement [cm3] 462 
Injection system Direct injection 

Injection pressure [bar] 200 
Compression ratio 20.5:1 
Empty weight [kg] 48 

Cooling system Air cooling 
Rated torque [Nm] 23.4 
Rater power [kW] 7.3 

Figure 10 shows the exhaust gas analyzer and opacimeter used to measure emissions. 
Tables 4 and 5 show the specifications of the equipment.  

 
(a) (b) 

Figure 10. (a) AVL DiTest gas 1000 model 2301 5-gas analyzer; (b) AVL DiSmoke 480 opacimeter. 

  

Figure 9. Hatz 1B-40 diesel engine.

Table 3. Hatz 1B-40 specifications.

Engine Specifications Parameters Values

Operation cycle 4-stroke
Cylinders 1

Valves per cylinder 2
Bore [mm] 88

Stroke [mm] 76
Displacement [cm3] 462

Injection system Direct injection
Injection pressure [bar] 200

Compression ratio 20.5:1
Empty weight [kg] 48

Cooling system Air cooling
Rated torque [Nm] 23.4
Rater power [kW] 7.3

Figure 10 shows the exhaust gas analyzer and opacimeter used to measure emissions.
Tables 4 and 5 show the specifications of the equipment.

Table 4. AVL DiTest gas 1000 model 2301.

Measuring Ranges Accuracy

CO: 0–15% vol. ±0.03% vol.
CO2: 0–20% vol. ±0.5% vol.

HC: 0–30,000 ppm vol. ±10 ppm vol.
O2: 0–25% vol. ±5% of Maximum

NO: 0–5000 ppm vol. ±5 ppm vol.
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Table 5. AVL DiSmoke 480.

Measuring Ranges Accuracy

Opacity: 0–100% ±0.1%
Absorption (k-value): 0–99.99 m−1 ±0.01 m−1

Figure 11 illustrates the test setup and Figure 12 displays the layout of its scheme.
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Figure 11. Test-bench.

The engine was manually started and left running to undergo a warming-up phase.
After reaching similar operating temperatures on both fuels, confirmed with an IR ther-
mometer on the engine’s block, it was accelerated to 3000 rpm, and a constant load was
applied simultaneously to both coils by managing the current and voltage in the dynamome-
ter controller. This load corresponded to nearly 75% of the engine’s maximum torque, by
applying current and voltage to energize the dynamometer coils (~1 A and ~18.75 V for
each coil) leading to induced eddy currents in the rotating aluminum disk, producing a
braking torque registered in the load cell. The gas analyzer and opacimeter probes were
then inserted in the engine’s exhaust system, and after a stabilization period, results were
recorded every 250 ms between 30 and 60 s for each condition, by utilizing LabVIEW 2019
19.0f2. software for both arduinos data and AVL DSS 2.0. software for exhaust gases data.
After saving the results for the first operating condition, the engine speed was decreased to
2500 rpm by adjusting the accelerator pedal position accordingly. The same procedure was
followed for 2000 rpm, 1500 rpm, and for both fuels. For the emulsion fuel, a thermostatic
bath set to 40 ◦C with polyethylene glycol 400 as fluid was employed to maintain a uniform
temperature, within which the formulation was previously optimized (Figure 12n). The
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data was imported from .csv to R 4.1.3. software to be evaluated, where various results
were withdrawn. For each engine condition, the mean value of torque, speed, and each ex-
haust gas concentration was calculated from the data obtained. The fuel consumption was
calculated by applying a linear regression on the weight loss of the fuel tank in the balance
during a specific time. The slope of the equation corresponded to the fuel consumption
in g/s.
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Figure 12. Test-bench layout: (a) emission data acquisition; (b) performance data acquisition; (c) ar-
duino 1; (d) arduino 2; (e) hall sensor (speed); (f) test-bench; (g) load cell for torque measurement;
(h) HX711 load cell amplifier; (i) eddy current dynamometer; (j) diesel engine; (k) fuel filter; (l) load
cell and fuel tank balance for fuel consumption measurement; (m) heating unit (variable resis-
tor); (n) thermostatic bath for emulsion fuel tank; (o) diesel fuel tank; (p) fuel temperature sensor;
(q) opacimeter; (r) gas analyzer; and (s) fuel return.

3. Results and Discussion

After collecting the different results, R programming software was utilized for pre-
processing and data analysis. Since the load applied in the dynamometer was constant,
the braking torque exerted by the eddy currents induced on the aluminum disk has to
be the same for a given speed, and independent of the fuels tested (Figure 13). The same
happens for power which is proportional to the engine’s rotating speed (Figure 14). The
engine’s performance (Figures 13–16) and emissions (Figures 17–22) plots are shown next.
The applied load corresponds to 75% of the engine’s maximum considered load.
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3.1. Performance

After setting a constant load on the dynamometer, the engine speed was varied by
decreasing the position of the accelerator pedal. As seen in Figure 13, the engine torque
increased linearly with the decrease in engine speed from 3000 rpm to 1500 rpm, which
is characteristic of this electromagnetic brake, as the eddy currents on the dynamometer
rotating disk are opposing the rotation of the engine. The slower the engine is running,
the higher the force produced in the coils structure, where the load cell is placed due to
the increased braking effect and thus, higher torque is obtained. If the engine speed was
continuously decreased, it would reach a point where the engine would not be able to keep
up with the applied load. The engine would stall, and the torque would rapidly decrease
to zero due to a stationary disk.

Power and torque are directly proportional to each other. The power of the engine is
calculated from torque and speed, and as seen in Figure 14, it increased from 1500 rpm,
peaking at 2500 rpm, after which it started to decrease until 3000 rpm due to lower torque
at this speed condition.

Regarding engine performance, the SFC of both fuels increases overall with an increase
in speed, probably due to the decrease in torque with increasing engine speed. The SFC of
the emulsified fuel is lower from 1500 rpm to 2500 rpm, and slightly higher at 3000 rpm.
This can be a good indication of better combustion efficiency of the emulsified fuel because
a lower mass flow rate is needed compared to diesel, to obtain the same engine power
during steady engine operation at different speeds.

Thermal efficiency is inversional proportional to SFC and LHV, according to Equation (3):

TE = 360,000/(SFC.LHV), (3)

where TE is thermal efficiency in %, SFC is specific fuel consumption in g/kWh, and LHV
is the lower heating value of the fuel, in MJ/Kg. The LHV of the emulsion is lower and
corresponds to 91.16% of diesel’s LHV. From 1500 rpm to 2500 rpm, the SFC of the emulsion
is also lower, which leads to a big increase in the thermal efficiency over diesel. At 3000 rpm,
even though the SFC of the emulsion is higher, its lower LHV is enough to maintain a
slightly better thermal efficiency compared to diesel. It can also be seen that the overall
thermal efficiency decreases with the increase in engine speed, similar to engine torque.

This increased efficiency can also be attributed to the occurrences of microexplosions
and puffing in the emulsion droplets, increasing the force acting on the piston in the
expansion stroke and reducing the amount of fuel injection needed to maintain the same
torque at a constant speed, resulting in more complete combustion.

3.2. Emissions

CO emissions are a result of incomplete combustion. In accordance with most of the
literature, a significant increase in CO emissions for the emulsion at all conditions was
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observed. For both fuels, an increase in engine speed leads to an increase in CO emissions.
This can be attributed to the presence of excess carbon atoms from the surfactants that
were not fully combusted (possibly due to lower combustion temperatures), leading to
their presence in the exhaust manifold. Those increases may also be linked to the increased
viscosity of the emulsified fuel compared to diesel and different spray characteristics after
the injector. The higher cetane number of diesel fuel due to a shorter ignition delay may
also be a reason for the reduced CO emissions and more complete combustion.

From Figure 18, it is possible to see that an increase in engine speed (decrease in engine
torque) leads to a decrease in CO2 emissions. These emissions are significantly lower for
the emulsified fuel at 1500 rpm and 2000 rpm, and not significantly lower at 2500 rpm
and 3000 rpm. The values between the two fuels become more similar with the increase
in engine speed. The lower carbon content of the emulsified fuel can be a reason for this
decrease, since the higher carbon content of diesel may result in higher CO2 emissions,
because there is more carbon available to oxidize and form CO2.

The HC emissions also occur due to incomplete combustion of the fuel, strongly
influenced by the air/fuel ratio. In accordance with most of the literature, a significant
increase in HC emissions at all conditions was observed. This can be attributed to the
presence of excess carbon and hydrogen atoms from the surfactants that were not fully
combusted, leading to their presence in the exhaust manifold. The occurrence of spray wall
impingement from the increased spray penetration (due to microexplosions) or the lower
combustion chamber temperatures can also be responsible for these higher emissions. Those
increases may also be linked to the increased viscosity of the emulsified fuel compared to
diesel and different spray characteristics after the injector.

As can be seen, O2 emissions between both fuels are very similar. They decrease with
the increase in engine speed and are slightly higher for the emulsified fuel. The presence
of water and the increased content of oxygen atoms, when compared to diesel fuel, may
explain this occurrence, which can be found in oxygen-enriched fuels.

As seen in Figure 21, the increase in torque (decrease in engine speed) leads to an
increase in NO emissions, due to the increase in the combustion temperature and possibly
oxygen content (Figure 20). In accordance with the literature, a significant decrease in NO
was also registered for the emulsion fuel at all engine speeds compared to diesel. The
evaporation of water droplets leads to a decrease in the combustion chamber temperature
and prevents the association of nitrogen and oxygen existing in the air, which is responsible
for the formation of thermal NO, the main contributor to overall NO emissions. The heat
sink effect of water is the main factor responsible for this outcome since the heat resulting
from the combustion that would be lost through the cylinder walls is absorbed by the water
molecules to change its physical state.

The reduction in smoke levels, similar to the literature, was the most significant benefit
of utilizing the emulsified fuel, with similar percentages across all engine speeds. This
can be explained by a reduction in the fuel-rich zones (characteristic of diesel engine
combustion) due to the increased oxygen content present in the water phase, a higher
mixing rate due to the secondary atomization, and a longer ignition delay due to the higher
viscosity of the fuel, which may take longer to vaporize, mix and ignite, initiating the
combustion process.

After obtaining the different plots, Figure 23 was obtained by applying Equation (4) to
each parameter to calculate the percentage differences between the emulsion and diesel fuel:

%Diff = 100(WiDEp − Dieselp)/Dieselp, (4)

where %Diff is the percentage difference of the emulsion over diesel, in %, WiDEp is the
emulsified fuel parameter and Dieselp is the diesel fuel parameter. Red-colored cells repre-
sent a worsening above 5% of the parameter while using emulsified fuel over diesel, while
green-colored ones represent an improvement. White-colored cells mean no significant
changes using a 95% confidence interval were observed.
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4. Conclusions

This work showed that developing a hydrophilic formulation for WiDE to be opti-
mized at the engine’s operating temperature and not for storage conditions can significantly
improve its thermal efficiency and significantly reduce the emissions of CO2, NO, and
smoke. On the downside, CO and HC emissions were found to be significantly higher
when compared to base diesel fuel. Moreover, the higher HLB of the formulation allows
for other polar solvents such as alcohols to be more easily added to the mixture, possibly
allowing the enhancement of some fuel properties such as density and viscosity at the same
temperature, which may have a positive effect on fuel atomization.
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