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Abstract: This paper aims to verify the possibility of utilising water-in-diesel emulsions
(WiDE) as an alternative drop-in fuel for diesel engines. An 8% WiDE was produced to be
tested in a four-stroke, indirect injection (IDI) diesel engine and compared to EN590 diesel
fuel. An eddy current brake and an exhaust gas analyser were utilised to measure different
engine parameters such as torque, fuel consumption, and emissions at different engine loads.
The results show that the engine running on emulsified fuel leads to a reduction in torque and
power, an increase in the specific fuel consumption, and slightly better thermal efficiency. The
highest percentual increment of thermal efficiency for WiDE is obtained at 100% engine load,
5.68% higher compared to diesel. The emissions of nitric oxide (NO) and carbon dioxide (CO»)
are reduced, but carbon monoxide (CO) and hydrocarbons (HC) emissions are increased,
compared to traditional diesel fuel. The most substantial decrease in NO and CO, levels was
achieved at 75% engine load with 33.86% and 25.08% respectively, compared to diesel.

Keywords: water-in-diesel emulsion; IDI diesel engine; performance; emissions; micro-
explosion

1. Introduction

For numerous years, governments worldwide have regrettably overlooked
pollution and its detrimental impact on the environment, despite its standing as a chief
contributor to both health issues and the planet’s decline in recent decades. Among the
most severe manifestations of pollution is air pollution, a grave concern highlighted
by the World Health Organization, attributing over 4.2 million fatalities annually [1].
Fossil fuels are one of the main responsibles for these emissions of pollutants into the
air, accounting for over 84.3% of all primary energy sources [2]. The transport sector
represents over 15.0% of the fossil fuels emissions, and in Europe, oil represents over
93% of the total energy consumption in the sector, followed by low amounts of
biofuels and natural gas [3,4].

Internal combustion engines represent the big share of fossil fuels’ consumption,
being responsible for the high concentrations of greenhouse gases in the atmosphere
[5]. Until now, diesel engines stood out as one of the most efficient and dependable
mechanisms for converting energy, boasting superior fuel-to-power conversion
efficiency. This inherent efficiency translates into improved fuel economy [6]. Hence,
they reign as the predominant category of engines across a diverse spectrum of
applications, including power generation, on-road transportation, agriculture, military
usage, and marine operations [7]. However, on a less positive note, diesel engines
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constitute the primary source of the most concerning exhaust emissions, notably
nitrogen oxides [8].

With the upcoming emissions restrictions scheduled for 2025, known in Europe
as the European Emission Standards (Euro 7) [9], plentiful technologies have been
developed and are available that offer reduced emissions, like alternative and cleaner
fuels (electricity, hydrogen, biofuels, natural gas, etc.). All of which have their
advantages and disadvantages. WiDE represents a technological advancement and a
fuel designed for integration into diesel engines, offering the dual benefits of enhanced
combustion efficiency and reduction in exhaust emissions. As a “drop-in” fuel, no
modifications to the engine are needed, ensuring its compatibility for immediate
utilisation. An emulsion is a dispersion containing two immiscible phases, mixed by
mechanical shear and chemical processes and stabilised by surfactants. In an emulsion,
droplets of one liquid are dispersed in a continuous flow [10]. WiDE consists of diesel
as the continuous phase, water as the dispersed phase, and surfactants. A surfactant is
an amphiphilic molecule that has hydrophobic and hydrophilic parts. The primary goal
of a surfactant (or surface-active agent) is to lower the interfacial tension between the
two surfaces (e.g., diesel and water), reducing the repellent force between the two
liquids and diminishing the attraction between the molecules of the same liquid. This
results in lower energy required to increase the surface area, leading to a spontaneous
dispersion of water droplets and possibly to a thermodynamically stable system. The
secondary role is to maintain the stability of the emulsion while reducing the
coagulation effect in the water phase [11,12]. Non-ionic surfactants are relatively non-
toxic and the main choice for WiDE [13].

The cleaner combustion of emulsified fuels can be attributed to the puffing and
micro-explosion phenomena in emulsion droplets. When the emulsion is sprayed into
a hot combustion chamber, heat is transferred to the surface of the fuel droplets by
convection and radiation. A rapid break-up of the parent droplets due to the different
volatility of the fuel and water promotes a secondary atomization that reduces the
combustion duration [14], as seen in Figure 1.
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Figure 1. Primary and secondary atomization of WiDE [15].




Thermal Science and Engineering 2024, 7(2), 8821.

At this stage, the two phenomena prevail [15,16]. Puffing is the partial ejection
of some dispersed water out of an emulsion droplet. Micro-explosion is the complete
break-up of the parent droplet. These two occurrences improve the combustion process
by enhancing the effective fuel droplet size distribution, leading to better air-fuel
mixing and therefore better fuel efficiency and fewer emissions [16]. Figure 2 shows
an example of the micro-explosion phenomenon.
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Figure 2. Micro-explosion in WiDE [17].

The evaporation of water present in the emulsion leads to a significant reduction
in the combustion chamber temperature (heat sink effect), reducing NOx emissions.
The longer ignition delays due to the heat sink effect results in more fuel combustion
in premixed mode [14]. The air/fuel ratio becomes higher, ensuring a sufficient
amount of oxygen availability, which can help to reduce CO and HC formation [18].

Even though the process is simple to understand, there are still many uncertainties
about the ideal properties and composition of the emulsion system [19]. For WiDE,
the correct choice of surfactants and the proportional mixture between them is
essential to achieve stability and effectiveness. The same happens for the
emulsification process and the ideal water content. Different percentages will lead to
different results when it comes to performance and emissions parameters. Although
most studies are consensus on the reduction of NOx, the results for CO, CO2, and HC
differ widely. The same happens for torque, fuel consumption, and thermal efficiency
[20-24].

The majority of research concerning performance and emissions pertains to diesel
engines featuring direct injection (DI), a more modern technology recognised for its
high injection pressures and improved efficiency [25,26]. This prevailing trend is
similarly observed in most investigations focused on WiDE [27]. Only a limited
number of works regarding emulsions involve engines equipped with indirect fuel
injection [28,29]. A most recent study has analysed the effect of DI and IDI on the
performance and emissions of WiDE [30]. It has found that even though some of the
emissions are reduced, the brake-specific fuel consumption of the IDI case was
considerably higher. IDI diesel engines have distinct combustion characteristics,
mainly due to the existence of a swirl chamber where combustion begins. The injection
pressure is also significantly lower when compared to DI engines. High injection
pressures can also be responsible for the reduction in the intensity of micro-explosions
due to the evaporation and decrease of dispersed water during the injection spray. By
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focusing this study on an IDI diesel engine, which might not experience sufficiently
high injection pressures to cause water separation during the spray, more favourable
outcomes could potentially be achieved.

Conducting research in this domain can yield a more comprehensive
understanding of how emulsions behave across diverse combustion scenarios. It is also
possible to find out potential benefits for this engine type that can have broader
implications for engine design and performance optimization, especially for industries
and operators that rely on existing and older equipment and are unable to transition to
newer engine technologies due to the costly replacements.

2. Methodology

2.1. Laboratory testing

In order to achieve the best possible formulation, different trials had to be
performed with different percentages (m/m) of water, diesel, and surfactants. The
ultimate goal was to produce an emulsion that would be optimised and stable at a
temperature close to 40 °C, which is similar to the fuel’s tank temperature of the engine
during operating conditions. This was verified by pointing a flashlight at one side of
the flask and observing if the light would go through the other side. If that is the case,
the size of the dispersed water droplets is small enough, and a transparent and stable
emulsion was obtained.

ENS590 diesel fuel, deionised water, a hydrophilic surfactant, and a lipophilic
surfactant were acquired to be used as reagents to produce WiDE. An analytic balance
(Radwag AS 310/C/2), a magnetic stirrer (Stuart Scientific SM3), a thermometer
(Enviro-Safe), beakers, pipettes, and glass bottles were the materials and equipment
used to accurately weigh, measure, and mix the different reagents. Figure 3 shows the
equipment and material used for laboratory testing.
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Figure 3. (a) laboratory equipment and material-diesel fuel; (b) deionised water; (c)
beakers; (d) pipette; (e) surfactants; (f) analytic balance; (g) magnetic stirrer; and (h)
thermometer.

The different reagents were weighed and then gradually added to the bottle in the
magnetic stirrer in the following order: surfactants-diesel fuel-deionised water. This
process was executed at ambient temperature (7 = 25 °C). Two surfactants (one
hydrophilic and one hydrophobic) were tested at different concentrations (one to
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another). Diesel fuel was gradually added to the surfactants and mixed for 5 min.
During this period, deionised water was added droplet by droplet. The emulsion was
then mixed for 2 more minutes. Figure 4 shows a common production process of
WiDE.
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Figure 4. Typical WiDE emulsification process.

For this work, one emulsion was created. It consisted of 89% (m/m) diesel fuel,
8% (m/m) deionised water, and 3% (m/m) surfactant/co-surfactant, as shown in
Figure 5.
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Figure 5. (a) diesel; and (b) 8% WiDE at 7= 40 °C.

This composition of the emulsified fuel was selected based on the work of
Fernandes P!, who has a patent on the composition of micro and nanoemulsions,
where emulsions with 8% water are included. The only difference was that an alcohol
was not utilised as a 3rd reagent and only a surfactant and co-surfactant were utilised.
Because the chemical properties of EN590 diesel vary widely, the formulation
couldn’t be exactly the same. Various combinations of surfactant and co-surfactant
percentages were tested, starting at 85% surfactant and 15% co-surfactant with
increments of 2% in the hydrophilic surfactant. The goal was to achieve a transparent
emulsion at a temperature of 40 °C. After different trials, the formulation that proved
most effective for an emulsion containing 8% water content was the one with a 91%
hydrophilic surfactant and 9% lipophilic co-surfactant ratio.
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2.1.1. Fuel properties

The density, viscosity, and calorific value, among other properties of the fuels,
can affect the spray, mixing, and energy release rate during the engine combustion
processes. For this reason, different tests were performed in the original fuel and in
the emulsions to observe the variation of these properties between them. The density
and viscosity of diesel fuel at 60 °C were not measured since the temperature of diesel
won’t exceed 40 °C in the fuel tank during engine tests.

Density

The change in density with the increase of temperature for the different fuels was
tested and is shown in Figure 6.
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Figure 6. Changes in density with temperature.

Viscosity

The change in the kinematic viscosity with the increase of temperature for the
different fuels was tested and is shown in Figure 7. The same viscometer was used
during all the tests. Ideally, a rtheometer should be used for the emulsion (non-
Newtonian fluid).
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Figure 7. Changes in viscosity with temperature.

As can be seen, a temperature near 60 °C will lead to almost similar viscosities
between the emulsified fuel and the viscosity of diesel fuel at 40 °C. Since the mass
flow rate of a fuel is heavily correlated with its kinematic viscosity (Poiseuille’s law),
to achieve similar mass flow rates and similar injection timings, during engine tests
the emulsions in the fuel tank were heated to a temperature near 60 °C in a thermostatic
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bath, while diesel fuel was tested at the temperature reached in the tank during engine
operation (~40 °C).
Heating value

The amount of heat released during stoichiometric combustion can be calculated
by using a calorimeter. For this case, it was utilised a bomb calorimeter, model 6050
from Parr, as seen in Figure 8.
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Figure 8. (a) positive electrode; (b) negative electrode; (¢) oxygen valve; (d) bomb;

(e) water supply; (f) ignition thread; (g) fuel sample; (h) jacket.

After obtaining the higher heating value at constant volume (HHVvV) given by the
calorimeter, for further calculations, the chemical composition of the different
reagents was analysed, as shown in Table 1.

Table 1. Chemical composition of the reagents.

Chemical formula Molecular weight [g/mol] Hydrogen [% m/m] Oxygen [% m/m]
Diesel fuel CisasH20.13 211.70 13.87 -
Deionised water H20 18.02 11.19 88.81
Hydrophilic surfactant  CH3(CH2)10C(=O)N(CH2CH20H)2 299.45 11.11 16.03

Hydrophobic surfactant C24H4406

428.61 10.35 22.40

The lower heating value at constant pressure (LHVp), similar to the diesel engine
combustion cycle, where water is not condensed and is existing in a vapour form,
needs to be calculated. After considering the different weights of the reagents in the
fuels and performing the calculations, the different LHVp were obtained. By
multiplying the specific energy (MJ/kg) and the fuel’s density at 15 °C, we can also
obtain the energy density (MJ/L) for each of the fuels, as shown in Table 2.

Table 2. Heating values of the fuels.

Fuel HHVv (MJ/kg) HHVv(MJ/L] LHVp (MJ/kg) LHVp (MJ/L)
Diesel 45.49 38.26 42.53 35.77
8% WIiDE ~ 41.68 35.64 38.77 33.15

2.2. Engine testing

A Lombardini LDW 502 M3 IDI diesel engine was selected to test the different
fuels. Its specifications are shown in Table 3. The engine was placed on a test bench
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equipped with an eddy current dynamometer. The measured parameters were speed,
torque, power, fuel flow, and air flow at different engine loads. An AVL DiTest gas
1000 model 2301 emission gas analyser was used to measure the exhaust gas
concentrations. Its specifications are shown in Table 4. The test stand is composed of
an electromagnetic brake acting as a dynamometer that was dimensioned to dissipate
a power of 30 kW at 3000 rpm. It is composed of two coils that produce a magnetic
field and a conductive aluminium disk rotating between them. Nunes and Brojo )
give a detailed explanation of how the dynamometer was designed and the
mathematical model utilised. An example of the montage diagram with the equipment,

different sensors, and data acquisition devices is shown in Figure 9.

Table 3. Engine specifications.

Specifications LDW 502 M3
Operating cycle 4-stroke
Cylinders 2, in-line
Valves per cylinder 2

Bore [mm] 72
Stroke [mm] 62
Engine displacement [cm3] 505
Injection system IDI
Injection pressure [bar] 147
Compression ratio 22.5:1
Maximum torque [Nm] 23

Maximum power [kW] 4

Table 4. Gas analyser specifications.

Gas Measuring range Resolution Accuracy
CO  0-15% vol. 0.01% vol.  +0.03% vol.
CO2  0-20% vol. 0.01% vol.  +0.5% vol.
HC 0-30,000 ppm vol. 1 ppmvol. +10 ppm vol.
02 0-25% vol. 0.01 % vol. £5% o.M.
NO  0-5000 ppm vol. 1 ppmvol. +50 ppm vol.
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Figure 9. Bench-test montage diagram.
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To supply the emulsified fuel to the engine, the previous laboratory emulsion was
again reproduced in a sample of 1 kg. A mixing paddle connected to a drill was used
as a low-energy mixing method (Figure 10).

Figure 10. 8% WiDE mixing at 7= 25 °C.

As opposed to diesel fuel testing, the flask containing the emulsion was heated in
a thermostatic bath and emulsified diesel was supplied to the engine at ~60 °C as
shown in Figure 11.

Figure 11. Engine bench-test of the emulsion.

Tests were performed for 50%, 75%, and 100% engine loads, defined by the
position of the accelerator pedal. For safety purposes, the maximum speed of the
engine under no load was limited to around 3000 rpm, leading to a decrease in the
maximum torque and power values that the engine could achieve. For each load
condition, the engine was left idle for some minutes to warm up, accelerated, and then
electromagnetically braked at different speeds until stalling. The tests were performed
at ambient temperature (7= 25 °C). For each load and speed condition, torque/power,
fuel consumption, and emissions results were withdrawn. The LabVIEW interface for
data monitoring and acquisition is shown in Figure 12.

Torque 0
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Power (0 0
Arduino 1 (Bench) Arduino 2
¥ ® §F

Export
File (o) * Q

Figure 12. LabVIEW interface.
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3. Results and discussion

In this section, the results obtained from the engine performance tests are
described. The different parameters in the figures will include the keyword “brake”
because an electromagnetic dynamometer (brake) was used to measure them at the
engine shaft. This is the usable power or torque delivered by the engine to the load **!

3.1. Torque and power

As shown in Figures 13-15, the overall torque and power values for diesel are
higher when compared to WiDE at all engine loads. This can be explained by the
higher heating value of diesel fuel which leads to the release of more energy in
combustion, surpassing the benefits of the puffing and micro-explosions phenomena
happening in WiDE. At full engine load, the peak torque value of the engine for diesel
is 18.32 Nm at 976 rpm, and for 8% WiDE, it is 16.79 Nm at 1023 rpm. At this load,
the peak power of the engine for diesel is 2.39 kW at 2092 rpm and 2.16 kW at 1621
rpm for 8% WiDE.
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Figure 13. Brake torque and brake power at 100% engine load.
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Figure 14. Brake torque and brake power at 75% engine load.
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Figure 15. Brake torque and brake power at 50% engine load.

10



Thermal Science and Engineering 2024, 7(2), 8821.

3.2. Fuel consumption and efficiency

Figures 16—18 show that the engine fuelled with diesel has lower overall values
of SFC compared to WiDE, which can be explained by the lower energy content of
WiDE and slightly higher viscosity (even if heated during tests), leading to a longer
injection delay and more fuel injected to overcome the lower LHV of WiDE.

ilc Fuel Consumption
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Figure 16. Brake specific fuel consumption at 100% engine load.
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Figure 17. Brake specific fuel consumption at 75% engine load.
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Figure 18. Brake specific fuel consumption at 50% engine load.

Diesel

Only at 100% engine load, WiDE has similar values of SFC compared to diesel
fuel. Even though the power values for diesel were higher, the mass flow rate for WiDE
at this condition was low enough to compensate for the loss in power. For other loads
(75% and 50%), WiDE has higher SFC values when compared to diesel.

The secondary atomization from the evaporation of water droplets in WiDE can
enhance the air/fuel mixing and be responsible for the improved combustion and better
fuel efficiency.

As seen before, and because WiDE fuel has less diesel and therefore less energy
content in its composition, its LHV will also be lower, improving thermal efficiency
as shown in Figure 19.
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Figure 19. Brake thermal efficiency at different engine loads.

3.3. Emissions

For the different fuels, and at the same conditions where torque, power, and
specific fuel consumption curves were obtained, different exhaust gases from the
engine were also measured, as shown in Figures 20-22. Regarding the hydrocarbon
emissions, the gas analyser was calibrated for propane (C;Hs).
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Figure 20. Emission gases at 100% engine load.
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Figure 21. Emission gases at 75% engine load.
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Figure 22. Emission gases at 50% engine load.
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As can be seen, at all engine loads, CO and HC emissions of WiDE are higher
compared to diesel. The additional carbon and hydrogen atoms of the surfactants used
to stabilise the mixture can explain this increase. It is also verified that NO emissions
also increase with the decrease in engine load, which was not expected and can be
explained by the increase in the combustion temperature at lower accelerator pedal
positions, which can be a unique characteristic of the engine and its specific operating
conditions.

At 100% engine load, NO emissions of WiDE are higher (due to possibly
localised hot spots within the combustion chamber, leading to the dissociation of the
water molecules and additional formation of NO). Oxygen (O;) emissions are similar
when compared to diesel. At 75% engine load, NO emissions of WiDE are lower, CO»
emissions are lower, and O, emissions are higher when compared to diesel. At 50%
engine load, NO emissions of WiDE are lower, CO, emissions are lower, and O;
emissions are similar when compared to diesel.

The addition of water helps in diminishing the high combustion temperatures
responsible for the emissions of NO, the lower carbon content of WiDE helps to reduce
the CO; emissions, and the higher oxygen content helps to increase the O, emissions,
even though only verified at 75% engine load.

4. Conclusions

This investigation has concluded that WiDE can have an important role in the
future as an alternative drop-in fuel for diesel engines since it is able to improve the
thermal efficiency of the engine while simultaneously reducing some of the pollutant
emissions.

When compared to diesel fuel, the density and viscosity of the emulsion are
higher due to the higher density and viscosity of the surfactants in the mixture. The
LHV is lower (approximately 91.6% of pure diesel) due to the lower diesel content in
the emulsion, leading to decreased torque and power values, increased specific fuel
consumption, and slightly higher thermal efficiency. The overall emissions of NO and
CO; were lower, but the emissions of CO and HC were higher. The emissions of O
were similar. The existence of water as a dispersed phase in the fuel promotes a
secondary atomization, enhancing the efficiency of the air/fuel mixing and
diminishing the higher combustion temperatures (responsible for the formation of
NO), and the lower carbon content can explain the reduced CO; emissions. The higher
CO and HC emissions can be due to the additional carbon and hydrogen atoms of the
surfactants.

These aspects lead to the conclusion that WiDE can improve the combustion
process in the engine while reducing some of the hazardous emissions of diesel
engines, even though compensated by a slight reduction in torque and power.
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