
Introduction

The automotive industry has a signifi cant impact on 
the environment. During the combustion of fuels many 
types of air pollution are produced, the most important of 
which are: carbon dioxide, sulfur dioxide, nitrogen oxides, 
and dust. Moreover, other harmful substances such as 
carbon monoxide, soot, aromatic hydrocarbons, aliphatic 
hydrocarbons, tar, and heavy metal vapor (mercury, lead, 

cadmium) are emitted in small quantities. Engine designers 
are trying to reconcile the confl icting requirements for 
reducing the harmfulness of the exhaust gases generated 
by engines with growing customer expectations for their 
cars to be dynamic and cheap to maintain. The main aim 
is to increase the effi ciency of the engine by modifying 
the combustion process, thus reducing fuel consumption 
and emissions of toxic compounds produced by burning 
fuels. A very important direction of development of 
internal combustion engines are fuels that may contribute 
signifi cantly to reducing toxic exhaust emissions. One 
way to reduce the concentration of nitrogen oxides and 
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Abstract

This study looks at the impact on selected toxic exhaust gas components in a compression ignition 
engine supplied with diesel-fuel emulsion. During the empirical research, a turbocharged PERKINS 
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2,200 rev/min. At each operating point of the engine concentrations of toxic exhaust gases we recorded 
carbon monoxide CO, hydrocarbons HC, nitrogen oxides NOx, and particulate matter PM. On the basis 
of results and calculations, specifi c emissions of toxic substances in accordance with ISO 8178 were 
designated.

 
Keywords: exhaust gases, emissions, toxic components, diesel fuel, water-fuel emulsions, CI engine

*e-mail: pkru1@wp.pl

DOI: 10.15244/pjoes/74689 ONLINE PUBLICATION DATE: 2017-11-23



130 Kruczyński P., et al.

particulate matter in the exhaust gases is to provide 
water to the cylinder, for example in the form of 
a water-fuel emulsion, and this is refl ected in published 
research results [1-3].

Material and Methods

At present, compression ignition engines are 
commonly supplied with diesel fuel, which is the 
product of petroleum refi ning. It must comply with strict 
parameters whose values are specifi ed in EN-590. Crude 
oil is a fi nite product and its reserves are limited. This 
fact, as well as the growing industrial demand across the 
world for its products, may be the cause of a defi cit of this 
resource in the future. Modern diesel fuels are constantly 
improved in order to be able to provide complete and 
effi cient combustion in the engine and to minimize their 
harmful impact on the environment. One solution that 
can help achieve these goals is alternative fuels and fuel 
additives.

This alternative fuel may be, among others, a water-
fuel emulsion. The delivery of water into the combustion 
chamber during the working cycle has been analyzed 
for several years [1, 4-7]. Water can be supplied into the 
combustion chamber in many ways. The two most popular 
solutions are a high-pressure water supply system and the 
previously mentioned water-fuel emulsions. Initially, the 
presence of water in the intake system was designed to 
support and even to eliminate the engine cooling system, 
but the research also established a positive effect on 
emissions of nitrogen oxides and particulate matter [2-3]. 
Microdroplets of water present in the emulsion vaporized 
faster than diesel fuel during combustion. Evaporating 
water generates micro-explosions and absorbs heat, which 
results in better mixing of diesel fuel droplets with air, 
decreasing the temperature in the combustion chamber. 
Combustion is more complete and the combustion 
reactions take less time [8]. Powering engines with water-
fuel emulsions positively infl uences the engine working 
parameters, resulting in NOx and particulate matter 
emissions reduction, lowering fuel consumption, and 
ignition improvement. Studies [9-10] have shown that the 
supplying water-fuel emulsion reduces emissions of NOx 
by 18% and PM by 58% with 50% water content. Water-
fuel emulsions have a number of disadvantages associated 
with their formation, stability, and storage. In order to 
provide diesel fuels miscibility with water, it is necessary 
to add emulsifi ers, which reduce the surface tension of 
water [11]. In addition, high ambient temperature and 
foaming phenomenon have a very high impact on its low 
stability. The disadvantages include a higher freezing 
point, the need for injection process implementation, and 
the diffi culty of forming an emulsion with the appropriate 
parameters comparable to conventional diesel fuels [11]. 
Possible elimination of the problems mentioned above will 
improve their injection process, which has a signifi cant 
impact on the combustion process and the emissions of 
toxic components of the exhaust gas [12-20].

The tests were performed using a PERKINS 
1104C-E44T turbocharged diesel engine. Load 
characteristics were designated at two speeds of 
the engine crankshaft: maximum torque speed of 
1,400 rev/min and maximum engine power speed of 
2,200 rev/min. Fig. 1. shows a simplifi ed diagram of the 
test bench.

During the measurements, the engine was supplied 
with diesel fuel and fuel-water emulsion, the basic 
parameters of which are shown in Table 1. The emulsion 
was formed with diesel fuel and water. The water content 
in the diesel fuel was 15% by volume. Fig. 2 shows the 
image of emulsion used in the course of research magnifi ed 
by 400 times. Additionally, Fig. 3 describes the histogram 
containing the number of water droplets in the emulsion, 
depending on their diameter. It can be seen that the test 
emulsion is characterized by a high content of water drops 
with diameters from 2 to 7 microns. Microscopic analysis 
of the performed emulsion sample also showed that large 
amounts of water drops with diameters greater than 19 
microns were not found. It must be noted, however, that 
the water-fuel emulsion is not a homogeneous mixture but 
a suspension. It therefore tends to delaminate over time 
[11, 21]. While using water-fuel emulsion as fuel to power 
the engine, the gradual disappearance of the original 
microscopic structure and increase the size of the droplets 
of water in the diesel fuel must be taken into account 
[11, 21]. Water-fuel emulsions can be divided into two 
groups: non-stabilized and stabilized [11, 21]. Stabilized 
emulsions are prepared in the vehicle, just before fuel 
is injected into the engine. Stabilized emulsions (as in 
the case of the emulsion used in the studies) contain 
additional chemical compounds (about 3%) in the form 

Fig. 1. Diagram of the test bench: 1) PERKINS 1104C-E44T 
engine, 2) air intake, 3) exhaust, 4) SCHENCK dyno brake, 
5) AVL GM 12piezoelectric pressure sensor, 6) crank angle 
recorder, 7) signal amplifi er, 8) AVL IndiSmart pressure 
measurement system, 9) Horiba Mexa 1230PM particulate 
matter analyzer, 10) AVL CEB II exhaust gas analyzer, 
11) heated route, 12) sampling gases, and 13) measuring 
computer.
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of emulsifi ers and stabilizers that allow for obtaining a 
suffi ciently high degree of fragmentation of water drops 
and a longer delamination of the emulsion.

During measurements on the test bench at each 
operating point of the engine we recorded fi xed operating 
condition concentrations of toxic exhaust gases, i.e., 
carbon monoxide CO, hydrocarbons HC, nitrogen 
oxides NOx, and particulate matter PM. On the basis 
of the recorded results and calculations, hourly fuel 
consumption, current fuel supply, and exhaust gas fl ow 
specifi c emissions of toxic substances in accordance with 
ISO 8178 for the two fuels were established using an MS 
Excel spreadsheet [22].

A simplifi ed process is used to calculate the heat 
release rate by computing the energy the cylinder 
pressure effectively delivers to the gas. Surface losses 
are disregarded. Therefore, the heat release rate cal-
culated is lower than the actual energy released. The 
calculation is based on the fi rst law of thermody-
namics. The heat release rate is calculated using the 
change of cylinder pressure in the following equation:

 
(1)

…where n is interval (1° crank angle), m is polytropic 
coeffi cient, p is cylinder pressure (MPa), V is volume (m3), 
and K is constant (100… due to unit conversion). It is also 
used to calculate other thermodynamics parameters, e.g., 
combustion start, ignition delay, and maximum cylinder 
pressure rise. 

The temperature of the working fl uid was calculated 
using van der Waals equation of state:

                  (2)

…where a is is a measure of the average attraction 
between particles, b is the volume excluded by a mole 
of particles, p is cylinder pressure (MPa), V is volume 
(m3), k is amount of substance in gas (moles), and R 
is universal gas constant.

Fig. 2. Picture of water-fuel emulsion used in research enlarged 
400 times: a) structure of emulsion after formation and b) 
structure of emulsion one month after formation.

Fig. 3. Histogram showing the amount of drops in water-fuel 
emulsion depending on diameter after formation of the emulsion.

Fig. 4. Histogram showing the amount of drops in water-fuel 
emulsion depending on the diameter after one month from 
formation of the emulsion.

ON Emulsion

Calorifi c value (MJ/kg) 43.5 36.5

Density at 15ºC (kg/m3) 0.84 0.86

Water content by volume (%) - 15

Table 1. Main physicochemical properties of fuels used in 
research.
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For measuring toxic exhaust emissions of CO, HC, 
and NOx we used an AVL CEB II exhaust gas analyzer. 
For measuring particulate matter in the exhaust gases we 
used a HORIBA Mexa 1230PM analyzer, which measures 
particulate matter in the real-time [23].

Results

Figs 5-8 show the calculated temperature of the 
working fl uid in the cylinder. Selected operating 
parameters of the engine, based on the calculations 
from results of the test stand, are presented in the charts 
below (Figs 9-11.). The concentrations of CO, HC, NOx, 
and PM measured during the test are given in Figs 12-
13. Fig. 14 shows the result of C1 cycle compliant with 
ISO 8178 calculated for diesel fuel and emulsion.

Fig. 5. Temperature of working fl uid in the combustion chamber 
and heat release rate of engine supplied with diesel fuel and 
emulsion under 25% a) and 50% b) load for engine speed of 
1,400 rev/min.

Fig 6. Temperature of working fl uid in the combustion chamber 
and heat release rate of engine supplied with diesel fuel and 
emulsion under 75% a) and 100% b) load for engine speed of 
1,400 rev/min.

Fig. 7. Temperature of working fl uid in the combustion chamber 
and heat release rate of engine supplied with diesel fuel and 
emulsion under 25% a) and 50% b) load for engine speed of 
2,200 rev/min.
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Fig. 8. Temperature of working fl uid in the combustion chamber 
and heat release rate of engine supplied with diesel fuel and 
emulsion under 75% a) and 100% a) load for engine speed of 
2,200 rev/min.

Fig. 9. Effi ciency η of engine supplied with diesel fuel and 
emulsion for two speeds: 1,400 a) and 2,200 rev/min b) during 
the research.

Fig. 10. Specifi c fuel consumption ge of engine supplied with 
diesel fuel and emulsion for two: speeds 1,400 a) and 2,200 rev/
min b) during the research.

Fig. 11. Hourly fuel consumption Ge of engine supplied with 
diesel fuel and emulsion for two speeds: 1,400 a) and 2,200 rev/
min b) during the research.
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Conclusions and Discussion

The experimental research of two fuels that we 
conducted – water-fuel emulsion and traditional diesel 
fuel – was to prove the infl uence of supplied fuel on 
operating parameters of the engine, selected combustion 
parameters (heat release rate, combustion temperature), 
and concentrations and emissions of toxic exhaust gas 
components. The tests for each fuel were performed at 
the same engine speed-load conditions and ambient 
conditions. Concerning the water-fuel emulsion, the 
important factors due to its properties were preparation 
and stability issues.

Obtained results proved that supplying an engine 
with water-fuel emulsion decreases the emissions of NOx 
and PM, but also has a negative impact on decreasing 
the operational parameters of the engine. Expected 
lower emissions of NOx and PM were also confi rmed 
in analyzed studies [10-11, 24-27]. Moreover, as a result 
of the investigation it can be stated that the stability 
of water-fuel emulsion 30 days after establishment 
is on a similar level to just after establishing. The sta-
bility of emulsion after more than a one-month period 
was not the case of this study. An important issue 
when using water-fuel emulsions is also the cost of 
emulsifi ers that are necessary during the process of 
creation, and additional time, which is unavoidable as 
well.

Based on the obtained results, it can be stated that 
supplying an engine with diesel fuel and water-fuel 
emulsion:
 – Decreases the temperature of the working fl uid in the 

cylinder at each engine operating point considered 
(Figs 5-8.).

 – Infl uences the heat release rate in the form of a visible 
reduction, especially under low and medium engine 
loads (Figs 5, 8.).

 – Slightly increases CO levels, in particular at low 
engine loads (Fig. 12); this increase can be explained 
by the reduction of temperature of the combustion 
process due to the presence of water, and thus the 

Fig. 14. Emissions of toxic exhaust gas components of engine 
supplied with diesel fuel and emulsion in reference to ISO 8178, 
cycle C1.

Fig. 13. NOx and PM concentrations of engine supplied with 
diesel fuel and emulsion for two speeds: 1,400 a) and 2,200 rev/
min b) during the research.

Fig. 12. CO and HC concentrations of engine supplied with 
diesel fuel and emulsion for two speeds: 1,400 a) and 2,200 rev/
min b) during the research.
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deterioration of fuel combustion conditions as well 
as the increase in the content of incompletely burned 
coal particles.

 – Does not signifi cantly affect the emission of 
hydrocarbons (Fig. 12).

 – Reduces NOx emissions (Fig. 13.), which is the result 
of the lower temperature in the cylinder during the 
engine cycle because the water from the emulsion is 
delivered to the fl ame zone in the cylinder or to the 
area in the direct NOx formation.

 – Reduces emissions of particulate PM (Fig. 13), which 
can by explained by the presence of water vapor in 
the combustion chamber working as a catalyst that 
helps burning carbon particles and other components 
diffi cult to oxidize.

 – Increases specifi c fuel consumption (Fig. 10), which 
may be due to the lower calorifi c value of the water-
fuel emulsion and hence the need to provide a higher 
dose to the cylinder.

 – Causes a slight increase in engine effi ciency at 2,200 
rev/min (Fig. 9b) – the maximum output of the engine.
Physicochemical properties of the water-fuel 

emulsions have a signifi cant impact on combustion 
process compared to conventional diesel fuel. This 
dependence also has been confi rmed in research 
[2-3, 10, 28-30]. Decreasing the temperature in the 
cylinder during combustion simultaneously decreases 
concentrations, which is a consequence of lower nitrous 
oxide emissions. On the other hand, deterioration of 
operational parameters of the engine, e.g., specifi c fuel 
consumption, is a result of the lower calorifi c value of the 
emulsion used. Similar conclusions were found by [3, 10, 
25, 31-32].

Further research concerning elimination of negative 
consequences resulting in supplying the engine with 
water-fuel emulsions will be investigated in further 
scientifi c studies. They will involve the estimation of shelf 
life of the emulsion as well as complex analysis of the 
combustion processes, depending on the storage period. 
In conclusion, the obtained results prove that water-fuel 
emulsion can replace fuel for traditional diesel fuel even 
without changes to the engine fuel system.
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