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Abstract
Water emulsified fuel is one of the few promising emission reduction techniques with the potential to reduce NOX in
diesel engines. little effort has been directed towards modeling the combustion of water-in-fuel emulsion. This work
provides a better understanding of the effects of the existence of water in fuel in the form of emulsion on spray
combustion and pollutant emissions namely NOX and carbon monoxide by modeling the relevant processes and
focusing on the variables behind the emission reduction criteria and performance. The commercially available software
CHEMKIN IV was used to simulate spray combustion at diesel engine-relevant conditions. Surrogate fuel (80 % nheptane and 20 % toluene) was used due to the available detailed kinetic and thermodynamic data needed for modeling.
An emulsified fuel with 3, 5, 8 and 20 % water by volume is used as an engine feed for each run separately and the
results are compared with that of the dry surrogate fuel of 0 % water. The modeling results show that water has a
significant effect on reducing engine operating temperature, and NOX formation. However the reduction of NOX is at
the expense of an increase in carbon monoxide (CO) emissions and elongated ignition delay time, which is
disadvantageous for the steady running diesel engines.
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1. Introduction
Global warming lousily generated by the increase in CO2
emission via fossil fuel consumption is serious concern with
respect to climate changes in the world. In addition, control of
pollutant emissions is a major focus in the design of modern
combustion systems. The major task for combustion engineers
to pursue is, therefore, to achieve low pollutant emissions as
well as reduction of fuel consumption.

Although over the years significant advances have been made
in reducing diesel engine emissions, the new stringent emission
standards and legislation and the challenge to protect society,
animals and nature against air pollution motivate the scientists
to perform further studies and research to comply with the new
regulations and reduce diesel engine emissions.
The basic engineering methods used by engine manufacturers
to control emissions involve combustor design modifications
[2-4], optimizing the in-cylinder operating parameters and
exhaust after-treatment techniques. However, redesigning a
combustor would be a viable option only for future engine
design since retrofit costs would apply in this case. Also
optimizing the in-cylinder operating parameters by doing some
combustor modifications or changing operating conditions
would very often result in reduced particle emissions and
increased NOX [5,6].

Exhaust emission from diesel engines is a serious problem.
However; according to the International Energy Agency (IEA)
[1], 90% of the world‟s primary energy comes from
combustion of fossil fuels, coal, oil and natural gas. The
transportation sector is a major consumer of fossil fuel and
additional efforts to cut emissions from road vehicles and
Exhaust after-treatment technologies for lean burn systems
airplanes are very important. Further growth of diesel engines
such as diesels in transportation applications are still in the
in the light-duty and heavy-duty vehicular market has
development phases. Development and application of catalytic
continued to focus attention on emissions reduction technology
exhaust after-treatment technologies are hampered by the
and the health risks of diesel exhaust. Market penetration of
inherently high sulfur content in currently available diesel fuel.
light-duty diesels has the potential for a significant impact on
The high aromatic content and sulfur content of currently
CO2 emissions and a reduction in demand for imported crude
available diesel fuel also influences both NOX and PM
oil due to offsets in overall global warming or thermal
emissions [7,8]. For turbine engines, the use of after-treatment
efficiency [2,4].
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devices such as particle traps may not be practical as they
would increase the engine weight and reduce performance. It is
expected to enable after-treatment technologies so that heavyduty engines can meet 2007 and beyond emission regulations
[9,10] after the new significant legislation regarding sulfur
content of diesel fuel (<15 ppm) which took place the year
2006.
Fuel reformulation, by altering the physical or chemical
composition of fuel, has been used as a pollution control
technique and continues to be considered as one of the more
preferred avenues for realigning emissions in the future.
Technology includes increasing fuel efficiency, wider use of
alternative fuels and using fuel additives to improve the fuel
quality.
One promising method to enhance this technology is the use of
water emulsified fuel which can economically and
environmentally accomplish the goals. It is one of the effective
solutions to improve combustion, reduce fuel consumption and
reduce emissions without enormous costs associated with
engine modifications. In this regard, emulsified water-diesel
fuel is attractive thus offering future economic and strategic
alternatives to fuel oil consumption. There exists a wide range
of applications with the potential of utilizing water-in-oil
emulsified fuel in liquid-fueled combustors for pollutant
reduction and enhanced fuel economy. The present study
focuses on two aspects of emulsified water-diesel fuel
utilization in diesel engines: first, the effect on engine
operating conditions, mainly combustion temperature, and
second, the influence of emulsified water-diesel fuel on
emission degree of NOX, and carbon monoxide „CO‟.
Several basic studies on the evaporation and combustion of
isolated drops and burning sprays of emulsions have appeared
in the literature [11-13]. Also, many researches on the use of
emulsions in conventional combustors have been reported.
These studies have shown that the effect of using emulsified
fuel with the heavier fuels such as residual oils is more obvious
where particulate matter emission and flame radiation are
generally reduced by emulsification [7-9]. However, the CO,
NO and hydrocarbon emissions and the thermal efficiency of
combustion devices do not always improve when fuels are
emulsified with water.
The effect of single and multi-point water addition systems on
the NOX and soot emissions of a vehicular heavy-duty diesel
engine have been investigated by Samec et.al and coworkers
[14,15]. Their results confess that both systems (single and
multi-point) demonstrate practically the same propitious
influence on NOX emission reduction, but rather a poor effect
on soot emission. However, the results of several other
investigations „performed recently‟ using water in fuel
emulsion [16,17] have concluded that more promising results
on NOX and soot reduction may be expected.
Several experimental investigations were carried out on
industrial furnaces and external combustion systems [18, 19],
diesel engines [20,21] and gas turbines [22,23] to discuss some
of the benefits of using water in fuel as an approach to improve
the engine emission criteria, reduce the specific fuel
consumption, control the engine thermal loading, and
maximize combustion pressure [24,25]; however the variations
in results from one set of experiments to another encouraged
researchers to model the combustion of emulsified fuels and
compare the modeling results with the actual combustion
system results to predict the possible improvement that can be
suggested.

Schlitt and Exner [26] have compared water-in-diesel
emulsions with humidified intake air; i.e., water in the form of
aerosol. It was found that both systems reduced the NOX level
compared to traditional diesel fuel. The percentage of water in
fuel in the studies of diesel emulsions varies. Most of the
investigators used water content of 5–10%; however the use of
higher percentages needs to be thoroughly investigated. It has
been claimed that the optimum water content for NOX
reduction is between 10 to 20% [27].
Samec et al. [28] studied the effect of 10 and 20% water-indiesel on emission levels of NOX, hydrocarbons and soot, as
well as on the specific fuel consumption. The values obtained,
compared to those of the neat diesel show considerable
reduction in both hydrocarbons and soot at 10 % water;
however „in their work‟ the NOX reduction seems to be more
water sensitive than the hydrocarbons and soot, therefore the
20 % water in fuel level is needed to be investigated and
reviewed thoroughly to clarify the discrepancies in results
between the earlier work of Lawson, A, for Heavy-Duty
Diesel Emission Control in 1986 [29] and that of Samec [14] in
the year 2000.
Many researchers concentrated on the secondary atomization
phenomena and emulsified fuel penetration concept. Zhou and
Thorp [30, 31] have presented both theoretical and
experimental studies on the differences between pure fuel and
emulsified fuel atomization and discussed the effect of
emulsified fuel atomization on fuel combustion. They
measured the spray tip penetration and the spray angle in the
combustion chamber of a marine diesel engine (Ruston 6APC)
by using a high-speed camera with a micro-lens. In their study
they found that the pure fuel spray compared to that of the
emulsified fuel has longer spray tip penetration and wider
spray angle. Also they proved that the tip penetration increases
as the water percentage increases within the range 5-20% water
in fuel. The number of countable droplets of emulsion fuel was
much greater than that for pure fuel, indicating that the
emulsion fuel spray possesses a larger total surface area. In
addition, mathematical models for the prediction of spray tip
penetration and spray angle were proposed.
A review of literature indicates that one of the significant
virtues of applying emulsion fuels to combustion systems may
be due to the changes of fuel properties which lead to enhanced
atomization characteristics.
Little attention has been drawn in the past to modeling the
combustion of emulsified fuels. Most of the work was directed
toward modeling the behavior of emulsion droplet progress
during the combustion process to thoroughly understand the
micro-explosion phenomenon and when it could be established
[22, 32]. The ability to predict whether micro-explosions will
or will not occur, and when during the droplet lifetime they are
likely to take place, though of great value, is not sufficient to
clarify the role of water on the combustion process effluent
materials formed.
The approach described here aims at providing a model for
emulsion spray combustion of different water-in-fuel ratios on
emission reduction and engine operating conditions. The
modeling procedure conducted through CHEMKIN code
modeling software and the fuel used is a surrogate fuel consists
of 80% n-heptane and 20% toluene which represent the
conventional diesel fuel.

100

El-Sinawi / Int. J. of Thermal & Environmental Engineering, 1 (2010) 99-108
exploration of how the product composition change with the
amount of fuel from lean and stochiometric (Ø≤1) to fuel rich
(Ø>1) combustion. Table 1 shows the initial composition for
the five runs.

2. Modeling Approach
CHEMKIN IV modeling code [33] was used in this study to
investigate the combustion of a mixture of surrogate fuel and
water, whereas the surrogate fuel consists of 80% n-heptane
and 20% toluene (by volume) and water ratios are 3, 5, 8 and
20% H2O (by volume). The analysis was carried out using the
PaSR model approach; hence PaSR addresses the interaction
between chemical reactions and turbulence. One of the basic
characteristics of PaSR is that the thermo-chemical properties
inside a PaSR which are assumed to be spatially homogeneous
are imperfectly mixed at the molecular level. The reactive
fluids are not completely diffused into each other at the
molecular level but their mean values are uniform throughout
the reactor by turbulent stirring, thus PaSR may be used as a
stand-alone model for studying turbulent combustion or other
reactor systems where mass transport may be a rate-limiting
factor.

3. Results and Discussion
The temperature histories are plotted in Figure 1. First, it can
be observed that the final combustion temperature decreases
with increasing fuel/air-equivalence ratio. The ignition
characteristics also change with fuel/air-equivalence ratio. The
ignition delay decreases monotonically with increasing fuel/air
equivalence ratio. This might appear unusual but can be
explained by the higher concentration of fuel that speeds up the
formation of H, O and OH.
These three species are important for the chain-branching
reactions leading up to autoignition [34,37,38]. Information
about ignition delay acquired from these computations is very
important. In diesel spray combustion the temperature
increases as the mixture is leaned out by entrained hot ambient
air, thus acting in the opposite direction compared to the
influence of mixture strength alone. Figure 2 shows how the
chemical reactions proceed for a fuel/air-equivalence ratio of 2.

CHEMKIN computation was performed using 393 species
[29], including NOX and soot precursors species, and 1,925
reactions [34]. The computations were initiated at 900 K and
39 bar with air as the oxidizer and surrogate mixture as the
fuel. The temperature and pressure values were chosen to fit
the actual parameters of the real engine [35, 36]. The fuel/air
equivalence ratios studied were 0.8, 1, 2, 3, and 5. This enabled

Table 1 Initial gas composition for the Chemkin computations

Equivalence Ratio, Ø
Mole fraction[%]
n-heptane, C7H16
Toluene, C7H8
Oxygen, O2
Nitrogen, N2

0.8
0.8823
0.3027
20.705
78.110

3000

2
2.1685
0.7475
20.345
76.739

3
3.202
1.102
20.054
75.642

5
5.191
1.787
19.495
73.527

ø=0.8

2800

Temperature, T [K]

1
1.1005
0.3795
20.651
77.869

2600

ø=2

2400

ø=1

2200
2000
1800
1600

ø=5

1400

ø=3

1200
1000
800
0

15

30

45

60

75

time, [ms]
Figure 1. Calculated temperature for air/ Fuel (80% n-Heptane+20% Toluene) mixtures of different equivalence ratios.
Pressure = 39 bar
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Figure 2. Major species and OH for auto-ignition and
combustion of (80% n-Heptane+20% Toluene), for
(fuel/air)equivalence ratio = 2

Figure 4 Formation of HCHO from the combustion of
surrogate fuel (80% n-heptane and 20% toluene) at
different equivalence ratios

Shown in Figure 2 are the major species during the
combustion: C7H16, C7H8 and O2 as reactants, CO, H2O, CH4
and CO2 as products. OH is plotted since it plays an important
role during autoignition and combustion. The amount of carbon
dioxide is very small due to the deficit of oxygen at fuel rich
condition. From an emissions point of view, it is interesting to
predict the variation of CO values with fuel/air-equivalence
ratio. The time-histories for CO are shown in Figure 3.

Adding water to surrogate fuel (80% n-heptane and 20%
toluene) has a significant effect on changing the combustion
behavior inside the PaSR reactor. Four different ratios (3, 5, 8
and 20 %) of water (by volume) were added to fuel in the form
of emulsion at two different air/fuel equivalence ratios (0.8 and
2). Those ratios were chosen to study the effect of water on the
fuel-lean and fuel-rich combustion conditions. The real diesel
engine only runs on a fuel lean condition, so it is just a matter
of curiosity to know how water can affect this assumed
situation.

0.16

ø=2
ø=3

CO, [mole fraction]

0.14
0.12

Figure 5 and 6 predict the temperature profiles of fuel lean and
fuel rich combustion conditions after adding 3, 5, 8 and 20%
water to fuel. It is clear from those figures that the addition of
water can eventually reduce the combustion temperature over
the time range of the combustion process. Compared to neat
surrogate fuel the peak temperature decreases with the
increasing water content.
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Figure 3 Mole fraction of carbon monoxide at different
equivalence ratios
As expected, the lowest CO-level is found for lean and
stoichiometric conditions at equivalent ratio of Ø=0.8 and 1.
The temperature is, however, high and dissociation of CO2
keeps the CO level higher than the expected level at normal
exhaust temperature. It is interesting to have the peak at 24 ms
for Ø =0.8 and 1 which coincides with the starting final fuel
breakdown and maximum heat-release. This shows that CO is
an important intermediate species during lean and
stoichiometric combustion. The final CO-level is much higher
than the rich combustion cases. The highest CO-level is found
for a fuel/air equivalence ratio of 2. However at higher
equivalence ratio (i.e. 3&5) CO formation decreases. This can
be explained by understanding that CO has to compete for
oxygen with the partially oxidized hydrocarbons as shown
from Figure 4.

Figure 5. Calculated temperatures for water in surrogate
(80% n-heptane+20% toluene) emulsified mixtures at
fuel/air-equivalence ratio, Ø=0.8
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2600

0%H2O

3%H2
O

2200

Table 2 shows the maximum peak temperatures during the
combustion of different surrogate emulsions at Ø=0.8 and 2.
The values from this table were plotted in figure 7 to closely
express the effect of water addition to fuel on combustion
temperature. This figure clarify the temperature drop for both
cases (i.e. fuel lean Ø=0.8 and rich Ø= 2) at different water
ratios. The 20% water in fuel shows the largest temperature
drop which suggests a major change in the combustion
environment of the PaSR model. This temperature drop which
occurs after adding water to fuel is explained by the heat loss
taken from the process to evaporate water also the increased
specific heat of the combustion gases due to the percent of
water vapor involved [39].
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Figure 6. Calculated temperatures for water in surrogate
(80% n-heptane+20% toluene) emulsified mixtures at
fuel/air-equivalence ratio, Ø=2

Comparably, the effect of adding water to fuel in the case of
fuel-rich condition at Ø=2 is not different from that of fuel lean
condition at Ø=0.8. However, the lower temperature at the fuel
rich condition reflects a clear change in temperature profile by
suppressing ignition and lowering maximum temperature from
2550 K to 1950 K for 20% water in fuel rich condition and
from 2750 K to 2280 K for 20% water in fuel lean condition.

Table 2. Maximum model temperature values at different water in fuel ratios for both fuel lean and fuel rich conditions
where Ø = 0.8 and 2

Equivalence
Ratio

Ø = 0.8

H 2O
Maximum
Temperature, K

0%

3%

5%

8%

20%

0%

3%

5%

8%

20%

2750

2670

2560

2550

2280

2550

2450

2350

2200

1950

T [K] at phi=0.8

3000

Max. Temperature, [K]

Ø=2

T [K] at phi=2

2500

2000
1500
1000

500
0

The formation of carbon monoxide (CO) is considered as one
of the major species that could be formed during the
combustion process. The mechanism of CO oxidation with
hydrogen-containing compounds such as water is usually
called wet oxidation. According to Glassman [40], CO
oxidation rate substantially increases with the increasing
amount of hydrogen containing compounds (i.e. H2O). In his
proposed mechanism, Glassman [40] shows that the effect of
small quantities of H2O on CO oxidation rate are significant
because the reaction rates between CO and OH are much
greater than the reaction rates between CO and O or CO and
O2. The water-catalyzed reaction proceeds in the following
manner:
CO + O2 = CO2 + O

0%

3%

5%

8%

20%

% H2O in Fuel
Figure 7. Maximum model temperature change at different
water in fuel ratios for fuel lean and fuel rich conditions at
Ø = 0.8 and 2
Compared to pure fuel, it can be observed that the maximum
combustion temperature decreases with the addition of more
water to fuel. Also, higher ignition delay can be observed when
water is added to fuel; This delay occurs due to lower
combustion temperature and it increases monotonically with
the increasing water percentage in fuel due to the change in
ignition characteristics that occurs after adding water.

(1)

where k = 2.500E+12 T0.0 exp (- 47800.0 cal/mol /RT)
cm3/mols [35]
O + H2O = OH + OH

(2)

CO + OH = CO2 + H

(3)

where k = 4.76E+7 T 1.2 exp (- 70 cal/mol /RT) cm3/mols [35]
H + O2 = OH + O

(4)
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Reaction (1) is a chain initiating step, but it is slow and does
not contribute much to the reduction of CO through the
formation of CO2. Reaction (3) is a chain propagating step,
yielding H radicals which react with O2 to produce the free
radicals OH and O through the branching step (4). The formed
OH radicals reacts with CO molecules as seen from reaction
(3) and the formed O radicals participate in reaction (2) to
produce more OH radical. Figures 8 and 9 show how the OH
production changes with the amount of water added to fuel. It
is obvious from figure 8 that the OH concentration increases
with the increasing amount of water in fuel for the fuel-lean
condition (Ø=0.8).
Also it is depicted from figure 8 that the effect of adding water
to fuel results in increase in the concentration of OH to a
narrow maximum peak value which then falls down to a nearly
constant lower value over the specific time range. Adding more
water to fuel did not show significant increase in OH
concentration compared to that between 0% and 5% water in
fuel. This is possibly related to the imperfect turbulent mixing
and temperature reduction inside the PaSR reactor at higher
water in fuel ratio which affects autoignition and OH
concentration [36].

OH, [mole fraction]

6.0E-04

20%H 2 O
Ø=0.8

5.0E-04

8%H 2 O
Ø=0.8

4.0E-04
3.0E-04
2.0E-04

3%H 2O
Ø=0.8

0%H 2 O
Ø=0.8

1.0E-04

Figure 9. Concentration change of OH radicals with time
at the combustion of Surrogate fuel/water emulsion of 0, 3,
5, 8 and 20% water-in-fuel. Ø=2.0
It is also clear that the ignition delay increases with the
increasing amount of water added to the fuel and predicts
higher values at fuel-rich conditions with higher amount of
water-in-fuel, that means CO formation should decrease with
the increasing amount of water in fuel, however the formation
profile of CO at fuel-lean condition (Ø=0.8) with the
percentage of water added to fuel illustrated in figure 10 shows
that the formation of CO increases sharply at the beginning
with the increasing amount of water added to fuel to a
maximum peak point and then decreases to a lower value
where it stays constant over the entire time range.

5%H 2O
Ø=0.8

0.0E+00
0

15

30

45

60

75

time, [ms]
Figure 8. Concentration change of OH radicals with time
at the combustion of Surrogate fuel/water emulsion of 0, 3,
5, 8 and 20% water-in-fuel. Ø=0.8
At the fuel-rich condition (Ø=2). Markides and coworkers
[41,42] in there experimental study, which depends on
measuring the OH chemiluminescences from certain spots in
the reactor, concluded that the concentration of OH decreases
as the fuel ratio increases and they suggested that the
combustion reactions are not simply kinetically controlled
because of the nonlinear Arrhenius plots they got, and that the
turbulence inside the reactor can delay autoignition which
further express the effect of mixing.
Figure 9 shows the change of OH concentration at fuel rich
condition (Ø=2) with percent water added to fuel over a
certain time period. The addition of 3 and 5 % water to fuel
shows an increase in the OH production to a higher value than
that of regular fuel; however, when 8 and 20% water were
added the results predicted the contrary theme and the
production of OH was noticeably decreased, this reflects the
intensive dependence of OH formation on air/fuel equivalence
ratio, water-in-fuel ratio and the combustion environment
inside the PaSR. More water in fuel means lower combustion
temperature and lower production of OH radicals.

Figure 10. Carbon monoxide (CO) formation change with
time at the combustion of surrogate fuel/water emulsion of
0, 3, 5, 8 and 20% water-in-fuel, Ø=0.8
It can be seen that due to the fuel-lean condition the
concentration of oxygen is high so a substantial amount of CO
oxidation occurs which reduces the concentration of CO inside
the reactor to a minimum value but remains higher than that of
the neat surrogate fuel. Further reduction of CO formation has
been expected after adding water to fuel due to the increased
OH concentration; whereas more CO is produced through the
oxidation reactions of soot precursors with OH radicals from
which CO formation is essential, therefore CO compounds
continuously compete with the other compounds in the process
(i.e. soot precursors and N2) to react with OH radicals and
oxygen to form carbon dioxide which controls the conversion
rate of CO to CO2. Consequently the effect of temperature is
important in suppressing the oxidation reactions of CO and N2
to form CO2 and NOX,.
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It was shown before in Figure 3 that CO is an important
intermediate species during lean and stoichiometric
combustion. The formation level of CO is much higher at the
fuel-rich conditions, whereas the highest CO formation level
was found at fuel/air equivalence ratio of 2. Therefore, adding
water to fuel at this level is expected to affect the CO formation
in different way from that of lean and stoichiometric
condition.
Figure 11 predicts that change when different ratios of water
were added to fuel. It is clear that CO-level increases with the
increasing amount of water added to fuel which is similar to
the trend at the fuel-lean condition; however, the variation of
CO-level at the fuel-rich condition increases sharply at the
beginning and then continue increasing monotonically after the
maximum peak point in the early combustion stage. The
deficits of oxygen in the fuel-rich and the existing low
temperature generated after adding water to fuel play an
important role in increasing the CO concentration level during
the combustion of emulsified fuel at the fuel-rich condition due
to the reduced conversion of CO to CO2.

which has less opportunity to react with oxygen at this lower
temperature. Imperfect mixing condition inside the PaSR
reactor is another important factor in reducing NOX formation
level due to less opportunity of nitrogen molecules to collide
with oxygen or hydroxyl radicals and form NOX. Also, it can
be noticed from Figures 12 and 13 that adding more water to
fuel (i.e. >5 %) does not expedite a significant reduction value
in the NOX formation level. That means NOX formation can be
reduced by adding water to fuel up to certain level.

0.0007
0.0006

NOx , [mole fraction]

A study conducted by Adams and Coworkers [43] proved that
CO oxidizes rapidly at high temperatures in the presence of
oxygen, but does not oxidize properly at cooler temperatures in
turbulent conditions, consequently adding water to fuel in the
form of emulsion reduces the temperature as shown in figures 5
and 6 therefore the oxidation rate of CO to CO2 is expected to
be lower.
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Figure 12. NO Formation during the combustion of
surrogate fuel (80 % n-heptane and 20 % toluene)/water
emulsion at Ø=0.8 for 0, 3, 5, 8 and 20% water-in-fuel
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Figure 11. Carbon monoxide (CO) formation change with
time at the combustion of surrogate fuel/water emulsion of
0, 3, 5, 8 and 20% water-in-fuel, at Ø=2

Figure 13. NO Formation during the combustion of
surrogate fuel (80 % n-heptane and 20 % toluene)/water
emulsion at Ø=2.0 for 0, 3, 5, 8 and 20% water-in-fuel

The effect of adding water to fuel on the NOX formation is
presented in Figures 12 and 13. Those figures represent the
trend of NOX formation, inside the PaSR reactor, for 3, 5, 8
and 20 % water added to fuel at fuel lean and fuel rich
conditions where Ø=0.8 and 2, respectively. Both figures 12
and 13 predict decrease in NOX formation with the increasing
amount of water. However at fuel lean conditions, NOX
formation is higher than that of fuel rich condition for many
reasons. First, at fuel rich the overall combustion temperature
is lower than that of fuel lean for both neat and emulsified fuel
„as shown in Figures 1, 5 and 6‟ which negatively affects the
formation rate of NOX; hence higher temperature is favored for
NOX formation. Secondly deficit of oxygen at fuel rich
conditions makes the nitrogen molecules to compete with the
hydrocarbon molecules in the combustion region to form NOX

4. Conclusion
Simulation tools provide an opportunity to explore the complex
internal processes in the internal combustion engines and
emission criteria.
The overall effects of adding water to fuel on diesel engine
combustion and pollutants emissions can be summarized as
follows.
The combustion peak temperature is reduced by adding water
to fuel and this reduction is directly proportional to the amount
of water added to fuel. Hence, more water in fuel means more
energy is needed to evaporate the mixture droplets. This energy
is taken from the system which reduces the temperature,
therefore; vaporization of liquid water decreases the internal
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energy proportionally to the vaporization enthalpy of the liquid
water and increases the specific heat capacity of the gas which
leads to lowering the combustion temperature [32].
The modeling analysis conducted in this work revealed that the
formation level of CO increased with the increasing amount of
water added to fuel. Addition of water reduces the average
temperature along the engine cylinder pathway to an extent
where CO oxidation is substantially reduced and its
concentration is increased. The 20% water in fuel shows the
highest CO concentration.
Water-emulsified fuel can be successfully used in a percentage
up to 5% water to reduce heavy-duty diesel engine exhaust
emissions, mainly NOX. This unconventional technique to
reduce NOX is suitable for on road diesel engine vehicles that
can be used for transportation in urban area or for off road
stationary engines, when they have to satisfy ultra-low
emission standards.
It was interpreted in this work that NOX formation is
decreasing with the increasing amount of water added to fuel.
The percentage reduction is related to the amount of water
added to fuel. Since the chemical reaction rates are strong
exponential functions of temperature which implies that the
intensity of reactions in the flame zone decreases exponentially
with the increasing amount of water in fuel. As a result, it
directly influences the thermal NOX formation as predicted
from Zeldovich reaction mechanisms [44]. However NO
concentration is also reduced by reducing the O atoms
concentration through the consumption of those atoms to form
OH radicals. Adding more water to fuel (i.e >5 %) did not
show any significant effect on NOX reduction level; however a
strong relationship between the carbon monoxide concentration
and NOX was noticed. CO concentration increased with the
decreased concentration of NOX that means any decrease in
NOX formation will be followed by more carbon monoxide
formation which is one of the most significant threats to the
environment.
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