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Many studies have suggested various techniques to replace fossil fuel, including diesel,
whose combustion emits exhaust pollutants which in turn lead to a risk to the environment
and public health. The combustion of water-diesel emulsions can emit fewer exhaust
pollutants when fueled by a diesel engine. In Iraq, Iraqi crude oil is characterized by a high
percentage of sulfur in it, which makes all its derivatives contain sulfur percentages. Iraqi
diesel sulfur content ranges from 1% to 2.5%. Sulfur causes an increase in some dangerous
pollutants, such as sulfur oxides. If these oxides combine with the emissions of nitrogen
oxides (NOx) and unburned hydrocarbons in the atmosphere, they will cause smog clouds
with significant health and environmental risks. In this experimental study, the
performance of a diesel engine was investigated at constant load and variable speed of the
engine, using three types of emulsions (water-diesel). Brake-specific fuel consumption
(BSFC) is reduced when working with 10% and 20% water emulsions. In contrast, 30% of
water emulsion consumption was increased. The NOx emissions declined by 14%, 16%,
and 29% for emulsions 10%, 20%, and 30% water added to diesel, respectively. As for
hydrocarbons, they decreased by 1% and 9.3% in the case of adding 10% and 20%.
Hydrocarbon levels increased by about 33.6% when 30% water was added to diesel.
Experiments have shown that both NOx and PM decrease together when using 10% and
20% emulsions.

1. INTRODUCTION

The term emulsion is derived from the Latin word 'emulate’,
which means to milk out. As we know, milk is a classic
example of an emulsion of fat in water, where fat globules are
dispersed into the continuous phase of milk, which is water.
The emulsion can be considered as a two-phase system. It is a
thermodynamically unstable system and tends to separate over
time. When the emulsified liquid is allowed to settle (under
static conditions), because of the differences in densities of the
two liquids, the lighter phase will rise to the top, and the
heavier phase will settle on the bottom, eventually coalescing
with the main continuous phase and separating altogether. This
process is governed by Stokes's law, which is directly affected
by the sizes of the dispersed phase [1]. The larger fluid volume
leads to faster coalescence, while the difference in the
densities and viscosities of the two phases accelerates the
separation process. A lower viscosity of the continuous phase
provides less resistance to the motion of the dispersed phase.
However, this phase separation can be prevented if some
external forces are continuously applied (under dynamic
conditions) to the liquid to disperse the dispersed phase evenly
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into the continuous phase. This process is known as
homogenization. This type of emulsion is known as a
permanent emulsion, which is one of our main objectives for
developing diesel emulsion because it can be stored and used
for a long time [2].

The emulsion of diesel with water can be explained as the
mixing of two immiscible liquids, where diesel particles are
the discrete phase, and water is the continuous phase. The
same theory is applied when air mixes with diesel fuel in the
combustion chamber, where atomized diesel fuel is the
discrete phase and air is the continuous phase [3]. By applying
external force (compressed air from a turbocharger), it is
possible to atomize the diesel fuel into fine droplets and
disperse them evenly into the air. This method can be
considered as homogenization in a direct injection diesel
engine [2]. The combustion of emulsified diesel is divided into
two phases. Primary combustion is initiated when emulsified
diesel comes into contact with the hot compressed air inside
the combustion chamber, causing the water in the diesel to
change state into steam, which expands rapidly in all
directions and causes the diesel particles to be propelled
against the wall of the cylinder [4]. The rapid expansion of the
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steam can cause the diesel particles to be pushed away from
the fire due to more space involved. This will cause the
incomplete combustion of the diesel, delaying the ignition and
extinguishing as the diesel particles are trapped by the droplets
of the steam [5]. This cycle will result in more smoke being
produced from the combustion. Secondary combustion is
initiated when the steam escapes from the fire and mixes with
the air, causing the diesel particles to re-ignite a new fire
around the entry of the combustion chamber. This ignition will
burn or oxidize the smoke particles, which are hydrocarbons,
into CO, and H,O. It is less toxic and better for the
environment [6].

Adding water to diesel is considered an effective way to
control nitrogen oxides (NOx) formation. The presence of
water and diesel in the combustion chamber results in a clear
reduction in the temperature inside the chamber. This is due to
the absorption of thermal energy to provide the latent heat of
evaporation necessary for water [7]. This decrease in
temperature will reduce the emissions level of NOx inside the
cylinder. The ignition delay also increases in this case,
resulting in higher pre-mix levels and decreased soot
formation [8]. In addition, water atoms within the fuel are
dispersed due to premature evaporation. This causes a rise in
the temperature of the drop and a sudden increase in the
volume of water vapor. This rapid expansion is known as a
micro-explosion, and this micro-explosion causes the fuel
droplet to rupture, generating smaller fuel fragments [9]. This
process enhances air-diesel mixing and minimizes PM
formation. Gowrishankar and Krishnasamy [10] confirmed
that water-diesel emulsions decrease both NOx and PM
emissions. It is stated that the blend of water-diesel emulsions
can reduce BSFC [11]. Emulsions are also more cost-effective
and can be used in existing engines without modification.
Furthermore, emulsions reduce the energy content of the fuel,
resulting in lower fuel consumption and emissions [12].

Water fuel emulsion is one of the fuel alternatives that has
great potential to solve the problems in the combustion process
and emissions. The emulsion is a mixture of water and diesel
fuel that is stabilized wusing various additives and
mechanical/emulsification processes [13]. Most emulsion
research workers said that this emulsion has the potential to
reduce emissions without sacrificing engine performance [14].
Several researches have been conducted to investigate the
performance and emissions of engines fueled by emulsion fuel
[15]. But the results are varied and one of the reasons is the
use of many kinds of emulsion fuels. Most of them are using
emulsion with a small amount of water because a high
percentage of water in the emulsion will cause several

problems in engine combustion and fuel injection systems [16].

So, it needs to be distinguished from an emulsion that uses a
large amount of water, which is called a "water fuel emulsion".

Any diesel-water emulsion consists of two liquids that are
incompatible in terms of density and viscosity, so any mixing
of them will not be stable, meaning separation will appear
between the two liquids [17]. Therefore, all studies in this field
adopted the addition of limited amounts of surfactants (surface
active agents) to improve the stability of these emulsions [18].
The addition of surfactants reduces surface tension at the
interface of the two fluids. This causes a significant decrease
in the free energy at the interface, which enhances the
emulsion's stability [19]. Perhaps the most famous and most
widely used mixtures of different surfactants in studies of this
type are Span 80 and Tween 80. These mixtures synergize with
emulsion stability. Mekarun et al. [20] mentioned that it is

176

possible to produce a more stable emulsion (in terms of
molecular structure and surfactant quality) when mixing both
Span 80 and Tween 80 in equal proportions and adding them
to the emulsion. This method was also confirmed by
Prabhudeva and Karmakar [21], who showed that the use of
Span 80 and Tween 80 in the preparation of water-diesel
emulsions which it's considered the most common. In this
study, surfactant was added to the prepared emulsions in
proportions ranging from 1% to 2% (percentage of the total
volume of the emulsion).

Water-diesel emulsions have a higher density than diesel, in
addition to density, viscosity and flash point increase. The
emulsion viscosity increases with the increasing water content.
This viscosity decreases rapidly as temperatures inside the
combustion chamber rise [22].

Emulsion's stability is considered one of its most significant
characteristics. In the event of incompatibility between water
and diesel, the emulsion separates into its basic components,
and the combustion process deteriorates. Therefore,
maintaining a stable emulsion for a long period enables it to
be used as fuel. Diesel additives such as water, surfactants,
cetane number improve, and mixing methods affect the
emulsion's stability.

Researchers typically use low or ultra-low sulfur diesel in
their emulsions. In contrast, Iraqi diesel (which is tested in this
study) has high sulfur content and has considerable potential
to react with the added water to develop the fuel properties that
may contribute to corrosion of the fuel container and cause
dangerous emissions such as sulfur oxides. An increase in
sulfur oxides in the exhaust will interact with the water vapor
resulting from combustion. This will form sulfur fumes that
threaten the environment and living organisms. Consequently,
this study aimed to examine the performance of the diesel
engine, and the pollutants emitted from it when fueled with
emulsions formed from Iraqi diesel and distilled water. This
study also focuses on the relationship between NOx and PM,
as well as sulfur dioxide (SO,) concentrations.

2. EXPERIMENTAL SETUP

Practical experiments were carried out with a Fiat TD 313
diesel engine with water-cooled direct injection (Figure 1).
The four-cylinder 3.666 L, four-stroke engine is equipped with
two valves per cylinder and has a compression ratio of 17:1.
The motor is connected to a water dynamometer to control the
load on the motor by increasing torque. The Aerocet-USA is
used to measure PM emissions, and the G460 (made in
Germany) is used to measure SO, emissions. A microphone
was connected to a microphone to measure engine noise using
a type 4615 meter. Each experiment was repeated three times,
and the average of the measured data was taken for each
mixture to ensure high accuracy of the results. The accuracy
and unreliability levels of all the above devices were
determined before experiments were conducted (Table 1).

2.1 Emulsions preparation

In this practical study, an improved fuel was prepared,
which is a mixture of water and diesel with the addition of a
surfactant or surface-active agent, based on the previous study
[17], and a cetane number improver was also introduced. The
mixing process was done by incorporating the cetane number
improvement first (1% by volume to 10% water, 1.5% by



volume to 20% water, and 2% by volume to 30% water). After
this process, a surfactant was added (2% by volume to water).
As soon as the previous ingredients have been mixed, they are
added to the diesel. This prepared mixture was mixed through
an ultrasonic shaker for 90 minutes to ensure complete mixing
of water and diesel. This is expected to produce a stable
mixture for an acceptable period. In this work, locally
available Iraqi diesel fuel and distilled water were employed.
Iraqi diesel fuel contains high sulfur levels. The fuel used in

the study contained up to 10,000 parts per million (ppm) sulfur.

Several samples of the prepared emulsion were sorted, and
their stability was checked before being fueled into the engine
for experiments. During the tests, a standard injection system
(17° BTDC) was used to inject the emulsion into the engine.
Table 2 shows the properties of the diesel emulsion blends and
their comparison with the diesel-water emulsions utilized in
the experiments.

Fuel measurement

Air measurement

Figure 1. A photo of the used diesel engine in the tests

Table 1. Uncertainties about the used devices and emissions

Measuring Devices Uncertainty
Thermocouples 0.34
Flow rate meter (air) 0.32
Flow rate meter (fuel) 0.55
Engine speed tachometer 0.76
Dynamometer (torque) 0.79
Engine noise meter 0.57

Emissions Variables Uncertainty
CO concentrations (vol.%) 0.48
HC concentrations (vol.%) 0.33
NOx concentrations ppm 0.39
SO2 concentrations (vol.%) 0.36
PM concentrations (pg/m?) 0.88

The mixture prepared from 10% water and 90% diesel fuel
was called W10, and the mixture consisting of 20% water and
80% diesel was called W20. The name W30 was given to the
mixture consisting of 30% water and 70% diesel. These
emulsions all contained additives that improve cetane number
and surfactants, as described in the fuel preparation section.
Many physical and chemical changes were detected in the
prepared emulsions compared to diesel. Some of them can be
observed in Table 2, such as higher viscosity, lower cetane
number, and enthalpy. Such changes in fuel properties cause
obvious changes in the evaporation characteristics of emulsion
spray. This naturally reflects on the quality of the combustion
process and the pollutants emitted.
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Table 2. Prepared fuels compared to Iraqi diesel

specifications
Property Diesel W10 W20 W30
Density (kg/m?) 821 828 839 846
Cetane number 5145 5055 5035 49.6
LHV (MJ/kg) 4733 46.58 4424 42.14
Viscosity (cSt) 2.87 3.1 321 328
Final boiling point (°C) 370 355 347 330
C% (by weight) 87 81 76 70
H% (by weight) 12.08 16 18 20
S% (by weight) 1 081 062 043
N% (by weight) 0.07 0.06 0.055 0.045
0% (by weight) - 4 6.8 11
Molecular weight 209 200 189 180
(g/mole)

2.2 Performance parameters

Engine performance and emissions were evaluated as a
function of engine speed at constant load. A constant load and
fixed injection timing of 17° BTDC were used in the
experiments. The load was fixed at 44 kN/m?2. This average
load was adopted in the study because it has been proven that
the highest performance can be achieved at such loads with the
most efficient exhaust pollutants. It also represents the load of
vehicles and cars operating within the city. The following
equations were adopted in evaluating engine performance [23]:

1. Brake power

21+ N+T

bp = 60%1000 (M
2. Brake mean effective pressure
bmep = bp x 2160 < kN/m 2 )
3. Fuel mass flow rate
_ vgx1076 pf kg
e = e X e/ sec ®)
4. Air mass flow rate
. 12,/h,*0.85 K
My act. = 3600 Pair ﬁ (4)
. K
My o = Vsn X 02 X Pair ﬁ (5)
5. Brake specific fuel consumption
bsfc = kWh (6)
6. Total fuel heat
Q; = m; X LCVKW 7
7. Brake thermal efficiency
Motn, = o X 100% ®)

From the actual value to a certain degree, the measurement
of this quantity is considered inaccurate. Error levels are



determined using known standard calibration techniques. The
process of calibrating and analyzing measurements' reliability
is called uncertainty analysis. The presence of uncertainty in
calculating a specific quantity within an experiment creates
uncertainty for the entire experiment [24]. In this study, the
equation to measure uncertainty in the results was used below

[24]:
n = [(Be) + (Be) ot (;Tien)z]"'s

The uncertainty estimated in the final measurements is
provided in Table 1, which lists the measuring devices used in
the experiments. Based on Eq. (9) and the values of measuring
instruments uncertainties presented in Table 1, the maximum
uncertainty was less than 3%, which indicates high quality and
accuracy.

)

3. RESULTS AND DISCUSSION
3.1 Emulsion stability

Table 3 shows the contents of the three emulsions prepared
and used in the present study with their stability period. The
stabilities of the prepared emulsions are high and last for
several days, indicating the successful mixing procedure used.

3.2 Engine speed effect on performance

Figure 2 shows that engine brake power increases
moderately at medium speeds but decreases at low or high
speeds. In addition, the average increase for W10 is 2.68%,
and for W20, it is 3.99%, while the engine brake power is
reduced by 4.48% when using W30. The change in speed from
low to medium speeds allows better ignition mixture
conditions and raises temperatures at combustion chambers,
helping heat and combustion efficiency. This is the best
finding at W10 and W20, as they raise pressures and
temperatures in combustion chambers. The turbulence growth
in the chamber is accelerated as the engine speed increases
from a moderate level to a high one, which in turn reduces the
initial delay period of the preparation of diesel-water emulsion,
resulting in a decrease in combustion chamber brake power,
particularly for W30, which makes it more difficult to ensure
proper combustion. Recent results are in line with the prior
work [25].

To increase engine speed, more fuel must be consumed,
resulting in higher brake-specific fuel consumption (BSFC),
as illustrated in Figure 3. With W10 and W20 emulsions,
BSFC decreased by approximately 1.22% and 6.33%,
respectively. According to this result, fuel combustion occurs
more efficiently in the combustion chamber. In contrast, the
BSFC increased by about 4.29% when using W30, which
indicates that deterioration can occur in combustion. Results
from a previous study [26] are consistent with those obtained
from the recent study.
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Figure 2. Impact of emulsions on brake power for variable
engine speeds
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Figure 3. Impact of emulsions on BSFC for variable engine
speeds

Exhaust gas temperatures (EGT) decreased when using
W10 and W20 and increased when using W30, as Figure 4
shows. Compared to diesel fuel, EGT is reduced by 6.56% and
13.6% under W10 and W20 operating conditions, respectively.
EGT increased by approximately 11.11% when the engine ran
at W30. The engine took advantage of the heat generated
inside the combustion chamber by increasing the pressure on
the piston at an ideal time. This resulted in the cooling of the
exhaust gases during the expansion stroke and low EGT output,
as happened in working with W10 and W20. This result
confirms the possibility of using these two emulsions in diesel
engines, as they improve BP and BSFC (Figures 2 and 3). As
for W30, due to its need for a longer delay period, part of it is
burned during the expansion stroke. It exists during the
exhaust stroke at high temperatures. In this case, the engine
does not benefit from the energy released during the expansion
stroke. Figures 2 and 3 also show that W30 caused a decrease
in motor BP and an increase in its BSFC.

Table 3. Developed and used emulsion sample specifications for the engine tests

Emulsion Water (vol.%) Diesel (vol.%) Span 80 (vol.%) Tween 80 (vol.%) Stability (hours)
W10 9.5 89.5 0.5 0.5 153
W20 19.25 78.25 0.75 0.75 148
W30 39 69 1.0 1.0 131
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The above results show that the highest engine performance
was when running an engine with W10 and W20 fuel. Both
emulsions were used without changing the engine's fuel
system or other parts. From what has been mentioned, it can
be inferred that there is a real possibility of running the engine
with either W10 or W20. This is done by injecting the fuel
blended directly into the combustion chamber without any
added modifications to the engine.

CR =17:1, IT = 17° BTDC, 44kN/m?
m Diesel m Diesel+10%water
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Figure 4. Impact of emulsions on EGT for variable engine
speeds

3.3 Engine speed effect on emissions

Operating the engine with the tested emulsions caused a
decrease in NOx levels, as shown in Figure 5. These
concentrations decreased by 14%, 16%, and 29% for W10,
W20, and W30, respectively. NOx requires three basic factors
in the combustion chamber to form. These factors are the
presence of sufficient oxygen, a combustion temperature
higher than 950 degrees Celsius, as well as the time required
for formation [27]. Therefore, when the engine is operated
with emulsions with a high percentage of oxygen in their
content, combustion is improved. This raises combustion
chamber temperatures and facilitates NOx formation.
However, this picture is not complete, as the emulsions absorb
the heat of their evaporation from inside the combustion
chamber. This reduces the overall temperature of this chamber,
which limits NOx formation [28]. Many research studies have
confirmed that water-diesel emulsions reduce NOx emissions
[29]. By increasing the engine speed, the amount of fuel
burned increases and thus the amount of heat released into the
combustion chamber. This increases NOx emissions
concentration inside the cylinder and through the exhaust pipe.
However, when working with a water-diesel emulsion, NOx
concentrations decrease, and they decline higher as the
percentage of water in the emulsion increases. The water in the
emulsion absorbs a large portion of the combustion chamber
heat for evaporation. This decreases the combustion chamber
temperature, reducing oxide formation. When comparing NOx
levels with diesel levels, it is noted that working with W10,
W20, or W30 caused a reduction in NOx concentrations by
approximately 9.2%, 19.66%, and 27.63%, respectively.
These results from the current study are consistent with the
work by Ithnin et al. [29].

Figure 6 shows the effect of running the engine with the
tested emulsions on PM levels emitted by the engine. PM
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levels were reduced when working with all the tested
emulsions. The average reductions in PM were 18.7%, 26.9%,
and 44.7% for W10, W20, and W30, respectively, compared
to diesel. The presence of water in the fuel enhances partial
explosion, which increases the oxidation reactions of PM. The
presence of water also causes the flame temperature to drop.
The water in the fuel also acts as a source of oxygen. This
causes the fuel-to-air ratio to change during the pre-mixing
period, making it an environment richer in oxygen than less
fuel, which greatly helps soot oxidation. These results are
consistent with previous experimental results of Dhinesh et al.
[30].
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Figure 5. Impact of emulsions on NOx levels for variable
engine speeds
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Figure 6. Impact of emulsions on PM levels for variable
engine speeds

Studies of pollutants emitted from the engine are interested
in the comparison between NOx and fine particles, as
decreasing the emissions of NOx by any technique will
increase PM concentrations and vice versa. It is not easy to use
a single technology that reduces both pollutants together.
Figure 7 shows the potential of the prepared emulsions to
reduce PM and NOx levels together compared to diesel. The
results show that the greatest reduction is in the working
condition at W30, followed by W20, then W10. It can be
asserted that the unmodified engine can operate on W20 and
W10 fuel. However, if using W30, fuel injection timing must
be adjusted to improve combustion and performance. The



study confirms that W20 is the most effective emulsion of
those prepared in the study. This enables the reduction of NOx
and PM pollutants together without modifications to the
engine. This study's results are consistent with those in the
work by Khalife et al. [31].

5.6

Desiel
e W10
W20
W30

Figure 7. Impact of emulsions on PM-NOx trade-off for
variable engine speeds

Figure 8 shows the effect of working with the tested
emulsions on carbon monoxide (CO) concentrations. These
concentrations decrease when the engine runs at medium
speeds and increase at slower and higher speeds. CO levels
decreased at 10W and W20 and increased at W30. The
presence of CO concentrations in the exhaust is evidence of
incomplete combustion and a lack of local homogeneity of air
and fuel. This uniformity is affected by the insufficient
turbulence inside the combustion chamber at low speeds and
by the excessive turbulence at high speeds. CO concentrations
can be used as a measure of combustion efficiency. Higher CO
levels at low and high speeds are an indication of incomplete
combustion, while the lower levels at medium speeds are an
indication of more efficient combustion. The findings of this
study are in line with those reported in previous studies like
Ekaab et al. [32] and Sun et al [33].
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Figure 8. Impact of emulsions on CO levels for variable
engine speeds

Figure 9 shows the effect of working with the tested
emulsions on HC release levels. HC levels decrease when the
engine runs at W10 and W20 by 1% and 9.3%, respectively.
Also, it increased when running at W30 by 33.6%. HC
concentrations indicate deterioration in engine performance
due to incomplete combustion. Therefore, enhancing the

engine performance when operating at W10 and W20 reduced
HC concentrations. Also, working at W30 caused a
deterioration in combustion, reduced engine performance, and
increased HC. This indicates that the optimal engine operation
is at W10 or W20. Engines operating at W30 should be
avoided. Sun et al. [33] reported similar findings.
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Figure 9. Impact of emulsions on HC levels for variable
engine speeds

As a result of the presence of a clear amount of sulfur
compounds in Iraqi diesel, when this fuel is burned, varying
levels of SO, are emitted, as shown in Figure 10. Most
researchers working to find alternatives to diesel have not
studied this pollutant. This is because most countries deal with
using diesel fuel with a very low sulfur content, symbolized by
ULSD. A certain percentage of sulfur is usually involved in
the nuclei in which carbon atoms are built into PM particles.
In this study, the diesel used is produced in Iraq and has a high
sulfur content. SO, concentrations are evident in exhaust gas.
This gas reacts with water vapor in the exhaust, forming
sulfuric acid fumes. These fumes are very dangerous to
humans, animals, and the environment. Adding water to diesel
reduces the sulfur content in the fuel and limits its effects after
combustion. When the engine was operated with W10, W20,
and W30, SO, levels decreased significantly by 10.45%,
17.7%, and 28%, respectively, compared to diesel. SO; levels
increase due to abundant oxygen, suitable combustion
temperatures, and sufficient reaction time.
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Figure 10. Impact of emulsions on SO, levels for variable
engine speeds




4. CONCLUSIONS

The current study examines the possibilities of using a
diesel-water emulsion fuel with the addition of a cetane
number improver and surfactant. The study aims to find a
promising way to reduce fuel consumption and engine
emissions. The first experiments were to examine the fuel's
stability and its lack of separation and to ensure the accuracy
and success of the mixing method. The results demonstrated
the following:

High stability of the prepared emulsion types and the
possibility of working with them for several days after
their preparation.

There is a possibility of improving engine performance
and reducing emissions by water-diesel emulsions.
The BSFC dropped slightly (1.22% and 6.33%) when
the engine was fed with W10 and W20, but increased
by about 4.29% when working with W30.

CO and HC emissions also decreased when the engine
ran at W10 and W20 at all engine speeds tested.

NOx and particulate matter decreased at the same time.

The effect of emulsifiers on SO, levels was examined. The
result was a clear reduction of this pollutant by increasing the
percentage of water in the emulsion. SO, levels decreased by
10.45%, 17.7% and 28% for W10, W20 and W30, respectively.
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NOMENCLATURE

Symbols

Mg act Actual air flowrate

Mg theo Theoretical air flowrate

My Fuel mass flowrate

0 Total fuel heat

Vin Swept volume per stroke

Greek symbols

Pair Air density

P Fuel density

Nbeh Brake thermal efficiency

Abbreviations

BDC Bottom dead center

BP Brake power

BSFC Brake specific fuel consumption

BTE Brake thermal efficiency

CO Carbon monoxide

CO, Carbon dioxide

CA Crank angle

D100 Pure diesel

EGT Exhaust gas temperatures in °C

HC Hydrocarbons

H,S Hydrogen sulfide

LCV Lower calorific value

N Revolutions per minute

NOx Nitrogen oxides

PPM Parts per million

SO, Sulfur dioxide

TDC Top dead center

W10 10% water — 90% diesel emulsion

W20 20% water — 80% diesel emulsion

W30 30% water — 70% diesel emulsion





