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ABSTRACT - In this research, different magnetic treatments were applied to diesel fuel using 2:}3&%{:'2:8%19
static magnetic fields of 0.36T of magnetic induction. The magnetic conditioners (MCs) were Accepted: 14 Sept 2019
installed in different positions of the fuel lines in the engine and the magnetic treatment of the diesel

was also carried out before introducing it into the engine tanks. The study was conducted using a KEYWORDS
four-stroke, two-cylinder, Lister Petter (LPWS2) engine with a compression ratio of 23.5:1 and a Internal combustion
constant engine speed of 1500 rpm. The emissions of carbon monoxide (CO), carbon dioxide engines;

(COy), oxygen (0O2), nitrogen oxides and the temperature of the exhaust gases and the mass magnetic treatment;
consumption of fuel were measured. The highest levels of reduction were achieved with the Z;asggrerfiss;sions

magnetic treatments that locate the MC directly in the engine's pipes. As the number of MC in the
engine pipes increases, the emissions of polluting gases decrease. With the treatment that locates
one MC in front of each injector, two MC at the entrance of the filter and two MC in the return of
fuel were able to increase the O2 emissions by 6.9% and decrease the CO emissions in about
21.3% in the last load of the generator set. With this treatment a decrease in fuel consumption of
4.89% to 80% of engine load was obtained.

INTRODUCTION

Since the first years of civilization, energy has been very important to support human activity [1]. At present, this
dependence is increasing. Approximately 80% of the energy consumed in the world is produced from the burning of fossil
fuels [2]. The exhaustive consumption of this type of fuel has generated adverse impacts on human health and the
environment. Global warming is an imminent threat and has been caused mainly by the emission of greenhouse gases
(GHG), many of these gases are generated in the combustion of fossil fuels [3]. The main polluting gases produced by
combustion are: carbon dioxide (CO2), carbon monoxide (CO), unburned hydrocarbons (HC), nitrogen oxides (NOx),
among others [4]. Internal combustion engines (ICE) are responsible for a large part of the emissions of these gases [5].

The ICE began to develop at the end of the 19th century, following a stable and slow progress over the next several
hundred years. Today, ICE are used universally for the generation of electricity, transportation, construction, agriculture
and the manufacture of many materials [6]. Diesel engines are preferred by ICE manufacturers because of their high
output power and thermal performance [7]. The current effects produced by global warming and air pollution together
with the variations in the prices of fossil fuels, require alternative solutions to promote the reduction of specific fuel
consumption and emissions of polluting gases from stationary diesel engines and diesel vehicles [8].

Various techniques have been tried to reduce the emissions of polluting gases of the ICE, including improvements in
the mechanical design, but the technology of the combustion engines is over one hundred years old and has already
matured [7]. Other alternatives tested focus on the modification of the fuels used in this power generating equipment.
Reports have been found of the use of alternative fuels such as biofuels and their mixtures with traditional fuels [9,10],
the use of emulsions (either with water, with different types of alcohols, among others) [11-15], the use of additives to
improve the properties of traditional fuels and biofuels (including nanoparticles) [16,17]. Other techniques include the
use of different devices for exhaust gases recirculation (EGR), for selective catalytic reduction (SCR) [18], the use of
equipment to give ultrasonic [19] and electrical treatments to fuels [20,21], among others.

Current studies suggest that the magnetic treatment of fuel has a positive effect on the behavior of combustion
processes [6, 7,22-25] because it causes changes in some physic-chemical properties of these fluids [19,26-29]. All of
them have used different types of magnetic treatments and different combustion engines in the experiments, so it is
impossible to make a comparison between all these treatments reported in the literature. Ali et al. (2012) reported that
locating the permanent magnets inside the fuel tank managed to increase the mileage of 10 vehicles of the Dubai Taxi
Corporation by 18%, as well as reducing CO and HC emissions [30]. On the other hand, Arias et al. (2016) affirm that
by treating the fuel before pouring it into the engine deposits, reductions of the gas emissions of a stationary generator set
operating at maximum load were achieved. In their experiments they used static magnetic fields and a magnetic induction
of 0.36T [31].
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Several researchers argue that the installation of permanent magnets or magnetic conditioners (MC) in the fuel lines
in the ICE increases the efficiency of combustion and helps to reduce exhaust emissions [6,7,24,32]. One of the most
widespread methods is the location of the magnets in the pipes that transport the fuel, just in front of the injectors in the
diesel engines [22,25,33,34]. Using this treatment in a four-stroke and single cylinder diesel engine, Raut et al. (2017)
obtained a decrease in fuel consumption and increase in thermal efficiency of the engine. They used a 0.4T magnetic
conditioner in his experiments [25].

The magnetic treatment of the fuel has been carried out in different ways. No reports have been found of works that
try to compare different magnetic treatments of the fuel in the same system, so it is not possible to decide which is the
most efficient treatment decreasing fuel consumption and gas emissions. Hence, it was aimed to fill this gap partially by
comparing the effects on the fuel consumption and exhaust emissions of a diesel engine using different magnetic
treatments of fuel. The treatments used in the Lister Petter (LPWS2) engine included the location of MC directly on the
pipes that transport the fuel in the engine and also the treatment of the diesel before introducing it into the engine tanks.

METHODS AND MATERIALS
Diesel Fuel

For the development of this research, diesel processed at the Hermanos Diaz Refinery in Santiago de Cuba was used.
Some of the properties of this fuel are shown in Table 1.

Table 1. Properties of the diesel used.

Property Standard Value
Cetane Index ASTM 4727 46
Kinematic viscosity at 40°C (mm?/s) NC ASTM D445 4.6
Density at 25°C (kg/m?®) NC ASTM D1298 0.85
Water content (%) ASTM D1796 <0.05

Magnetic Conditioners

Magnetic conditioners constructed from Neodymium-Iron-Boron permanent magnets were used to produce the static
magnetic field (Figure 1). The average magnetic induction of these conditioners was 0.36T with a deviation of 0.005T. A
dipole configuration was used to ensure that the field induction lines are evenly distributed throughout the fuel flow area.

Figure 1. Magnetic conditioner.

Different Magnetic Treatments

The magnetic treatments used include the location of MC directly in the pipes that transport the fuel in the engine and
also the treatment of the diesel before introducing it into the engine tanks. In addition, the operation of the engine was
evaluated using Diesel without magnetic treatment (D) as the control. The different magnetic treatments used were:

+  (MTDL1) - Magnetic treatment of diesel before introducing it into the engine tanks. The details of this treatment can
be found in the work done by Avrias et al. [31,35].

. (MTD2) - Magnetic treatment of the diesel in the pipes that transport the diesel in the engine, placing one MC in
front of each injector [22,25,33,34].

. (MTD3) - Magnetic treatment of diesel in the pipes that transport the diesel in the engine, placing one MC in front
of each injector, two MC at the entrance of the filter and two MC in the return of fuel. No reports of similar treatments
have been found in the literature.
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The different magnetic treatments, the amount of conditioners used in each one and the location of these in the motor's
piping system are shown graphically in the scheme of the experimental installation (Figure 2).

Experimental Engine Set-up and Procedures

The experimental set-up used for the study of the combustion of the magnetically treated diesel is formed from a Lister
Petter LPWS 2 generator. The schematic diagram of the experimental set-up used for the diesel engine tests is shown in
Figure 2. To carry out the experiments, the procedure described in [31] was used, this procedure uses a stationary system
in which the engine speed is kept constant and the load is varied. This type of test benches has been used with good results
when analyzing changes in the type and composition of the fuel (as is the case of the use of biofuels) and when analyzing
the influences of physical-chemical treatments on fuel. In addition, these systems make it possible to carry out a detailed
study of the main characteristics of the engine.

The ICE of the generator set is the main element of the installation, which is a diesel engine Lister Petter LPWS2.
This is a four-stroke, two-cylinder, indirect injection and water cooling engine.

1- Magnetic conditioners 8- Motor Lister Petter

2- Container with fuel 9- Electric current generator
3- Beaker 10- Load Bank

4- Fuel tank 11- Control panel

5- Toledo IND 425 digital wheight 12- Testo 350 gas analyzer
6- Fuel filter 13- Hole for gas analysis

7- High pressure pump 14- Nokia digital chronometer

Figure 2. Schematic diagram of the experimental set-up.

The main technical characteristics of this motor are shown in Table 2. The motor has a Lister Petter current generator
model BC1164D1 coupled, with a power factor of 0.86, a voltage of 220 V, a frequency of 50 Hz and a minimum speed
at full load of 1500 rpm.

Table 2. Main characteristics of the Lister Petter LPWS2 engine.

Value
Parameter
Injection type Indirect
Injection pressure (bar) 121-131
Fuel injection pump timing value at 1500 rpm 18° before top dead center (bTDC)
Nominal cylinder bore (mm) 86
Stroke (mm) 80
Total cylinder capacity (L) 0,930
Compression ratio 23.5:1

The experiments on the engine were made with a constant engine speed of 1500 rpm, five engine loads were
considered 16, 32, 48, 54 and 80%. The engine of the generator set at 80% load delivers an effective power of 4.5 kW. In
these experimental conditions the variations in the mass fuel consumption (FC) and in the exhaust gas emissions of the
diesel engine were analyzed.
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The mass fuel consumption was made by the gravimetric method, using a Toledo IND425 digital weight with an
accuracy of + 0.001 kg and a digital Nokia chronometer. The study of exhaust gas emissions was carried out with Testo
350 gas analyzer equipment. The gases analyzed were oxygen (O3), CO, CO and NOx, the temperature of the exhaust
gases (TEG) was also measured. The errors involved in the experiments are calculated using uncertainty analysis which
is widely followed among the researchers. Uncertainties of the measured and calculated parameters are found by using
Root-sum-square method and are presented in Table 3. Using the calculation procedure, the total uncertainty for the whole
experiment was +4.97.

Table 3. Uncertainties of measured and calculated parameters.

Instrument Range Resolution  Uncertainty
Toledo IND425 digital weight 0-6kg 0.001kg 0.01
Digital Nokia chronometer 0-3600s 0.01s 0.02
Mass fuel consumption - - 0.01
02 (0 a 25% Vol.) +0,01% Vol. 0.05
CO (0 a 10000ppm) +1lppm 2.38
Testo 350 gas analyzer NOx (0 a 4000ppm) +1lppm 4.31
CO,(0a50% Vol.)  +0,01% Vol. 0.04
TEG (0 a 1000°C) +1°C 0.68

For the study of gas emissions, 10 values of gas concentrations and TEG were measured for each load (five loads).
To demonstrate effect of the magnetic treatment to diesel in the combustion process, three experimental runs were carried
out with each treatment used and three with the diesel without magnetic treatment as the control. The experiments were
carried out randomly; the temperature of the room where the motor was installed remained in the range of 30-33°C. Error
bars in the graphs are standard deviations of five replicate measurements.

RESULTS AND DISCUSSION

Generator sets generally work above 75% load because in these conditions a better performance of the motor is
obtained. That is why in the comparisons made, the highest load of the analyzed engine is deepened (80%). The results
obtained with the diesel without magnetic treatment were used as a control in all analyzes carried out.

The gases analyzed were O,, CO,, CO and NOx because of their importance from the environmental and combustion
efficiency point of view. The O, emissions are shown in Figure 4.
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Figure 4. Behavior of O, emissions with the different magnetic treatments.

The O, emissions have a similar behavior with magnetically treated diesel and with untreated diesel, decrease with
increasing engine load. With the treatments used, higher emissions of this non-harmful gas were obtained compared with
the control diesel. At 80% load, significant differences were obtained in the O, emissions using the magnetic treatments
that include the location of MC directly in the pipes that transport the fuel in the engine (MTD2 and MTD3). By increasing
the MC installed in the pipes that transport the motor fuel, the highest O, emissions were achieved. With the MTD3, the
last load (80%) shows statistically significant differences, so it can be affirmed that with this type of magnetic treatment
the O, emissions of the engine are increased by 6.9%.

This means that the air-fuel mixture was more efficient since less combustion (O,) was consumed in the combustion
reaction and the same results were obtained in terms of engine performance. From the environmental point of view, an
increase in Oz emissions indicates a decrease in the emissions of other gases considered polluting to the environment.
Similar results have not been found in the literature. Chavan et al. (2016) reported contradictory results with permanent
magnets installed before the injectors and using different magnetic inductions [22].
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Carbon dioxide (COy) is one of the most harmful GHGs, but it is also one of the most important products of
combustion. The behaviour of CO, emissions is presented in Figure 5.
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Figure 5. Behavior of CO, emissions with the different magnetic treatments.

The comparison made, showed that CO, emissions increase as engine loads increase, regardless of whether the fuel
was magnetically treated or not. As the engine generates more power, the fuel flow that is injected into the cylinders
increases and therefore CO- emissions rise. In the largest loads the CO, emissions obtained with the different magnetic
treatments were lower than those produced with untreated diesel, the error bars reveal that there are no statistically
significant differences between the CO2 emissions produced with the magnetically treated diesel and the control diesel.
There are contradictions with the results of different researchers regarding the emissions of this gas obtained with
magnetic treatment of diesel. Decreases in emissions of this gas have been reported in ranges of 9% and 2.68 - 4.18%,
using magnetic coils [33] and magnetic tubes [7] respectively for the treatment of diesel directly in the engine pipelines.
However, other reports have been found with opposite results. That the case of Faris et al. (2012), they obtained an
increase of 10% in the emissions of this gas produced with gasoline treated magnetically [25]. Al Khaledy (2008) obtained
increases in CO2 emissions, but in this case with diesel fuel and with a magnetic induction value of 0.15T [31]. The
contradictions in the results are due to the magnetic treatment systems used and the structural differences between the
fuels used in the experimentation.

Among the researchers that explain the mechanism of action of magnetic fields on hydrocarbon-based fuels, we can
mention Faris et al. [25]. Some of its most relevant results were achieved when permanent magnets were placed directly
on the pipes that transport the fuel in the engine. They observed changes in some of the most important physical chemical
properties of this type of fluid. The viscosity and density of the fuel showed significant decreases when the magnetic
induction of the magnets placed in the pipes was increased.

The application of magnetic fields causes the breaking and/or weakening of some bonds in the hydrocarbons, which
decreases the intermolecular attraction forces. These changes produce variations in physical chemical properties such as
density, viscosity and surface tension [28, 40], as well as improving the vaporation rates and the mixing process of the
fuel with the air. All of the above helps to increase the speed and efficiency of the combustion process also reduces
unwanted gas emissions [25].

In the combustion process that occurs in diesel engines the chemical reaction is not complete, so that gases such as
CO are also obtained. The behavior of the emissions of this gas obtained with the different magnetic treatments is shown
in Figure 6.
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Figure 6. Behavior of CO emissions with the different magnetic treatments.
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In general, all the CO emissions achieved with the magnetically treated diesel are lower than those produced with the
control diesel. At 80% load, the lower emissions of this gas were obtained with the MTD3, the processing of the data
revealed that there are statistically significant differences with respect to the control diesel. The emissions of this gas were
reduced by around 21.3% in the last load, so it can be affirmed that with this treatment the combustion process is improved
and a more complete combustion is obtained.

The highest levels of reduction were achieved with the magnetic treatments installed by the MC directly in the engine
pipes, which coincides with what was raised by Patel et al. [34], who obtained a similar behavior in the emissions of this
gas using a single-cylinder diesel engine and a similar treatment to MTD2 but with a magnetic induction of 0.2 T [34].
Studies with analogous results regarding this gas are found in [36-38]; who obtained reductions of 13.3%, 7% and 8.5%,
respectively.

The molecules of the hydrocarbons present intermolecular attractions (sometimes caused by Van der Waals forces),
these attractions cause the formation of compact structures called pseudo compounds. These are also associated to form
more complex groups called clusters. This phenomenon prevents that in the combustion process the oxygen atoms can
penetrate and react with the carbons present inside the clusters, producing an incomplete combustion. It also causes the
formation of unburned hydrocarbons and CO.

With the application of magnetic fields in the pipes through which the fuel flows, these associations and their cage-
like structures decompose into smaller particles; which causes among other things the decrease in viscosity.

In addition, the hydrocarbons remain ionized and dispersed allowing a better penetration and reaction of oxygen, thus
producing a more complete combustion inside the engine chamber [18,27,32].

It can be observed that increasing the number of magnets installed in the fuel line improve the efficiency of the
combustion process of this type of internal combustion engines and it decrease the pollution gas emission. Also, the best
results can be observed in high loads because test generators are more efficient at full load. These observations are
consistent with measurements made by Tipole et al. [32].

Other GHG produced in the combustion processes are the NOx (NO and NO-). The chemical mechanism of formation
of these gases during combustion processes obeys more than 100 elementary chemical reactions, depends mainly on the
temperature ranges, the stoichiometric ratio and the nitrogen species present in the combustion chamber [37]. The
behavior of the emissions of this gas obtained in the Lister Petter generator, applying the different magnetic treatments is
shown in Figure 7.
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Figure 7. Behavior of NOx emissions with the different magnetic treatments.

Internal combustion engines, mainly those that work with diesel produce high quantities of NOx at high speeds and
when subjected to high loads. These gases are produced due to the excess air and the high-compression ratio of this type
of engines. The emissions of this gas in diesel engines are mainly due to the temperature of the gas in the post-combustion
zone, the duration of these temperatures inside the chamber and the species present in the gases after combustion, being
the most significant the O, [39].

Because the combustion process is neither simple nor linear, hot spots can be found inside the chamber, which are
local areas with temperatures higher than the average. The formation of these hot spots significantly affects the amount
of NOx produced in the process. It is very probable that these hot spots differ each time an explosion occurs inside the
combustion chambers, that is why non-linear variations in the emissions of this gas are obtained with respect to the loads
and with respect to the different magnetic treatments used.

At low loads, the NOx emissions produced by the different magnetic treatments of diesel have the same behavior as
the emissions generated with diesel without magnetic treatment. The graph shows that with the MTD1 treatment, greater
emissions of this gas are produced. In spite of not existing statistically significant differences, in the last load the NOx
emissions produced with the MTD2 and MTD3 treatments decrease of 3-4% with respect to those produced with the
untreated diesel. Similar decreases in this gas with different magnetic treatments were reported by [33] and [31]. It is
speculated that this happens due to the alignment of fluid flow lines under the action of magnets, which improved
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combustion effectively causing reduction of combustion temperatures with improved oxygen-fuel ratios indicating lower
NOx levels at full-load [1].

Another important parameter in the behavior of internal combustion engines is temperature of the exhaust gases.
Figure 8 is shown the variation of this parameter with respect to the different magnetic treatments used.

The temperature reached by the exhaust gases at the outlet of the chamber in the engines determines the temperature
reached during the combustion process [41]. The TEG increase with increasing load, similar results were obtained by
[42] and [43]. The TEG does not show significant variations when using the different magnetic treatments, in some loads
low values of this temperature are observed when using MTD2. When analyzing the last load (80%) a slight decrease in
this parameter is observed when magnetic treatments are used, as the error bars show, there are no statistically significant
differences between the TEG values in this load. However, Cogollos et al. [38] state that the magnetic treatment of diesel
fuel reduces the temperature of exhaust gases, as a result of the improvement of engine efficiency.
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Figure 8. Behavior of TEG with the different magnetic treatments.

The increase in the thermal performance of the engine and the reduction of emissions of gases such as CO cause the
combustion efficiency to increase, which should translate into a decrease in fuel consumption. The results achieved in
fuel consumption from the different treatments are presented in Figure 9.
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Figure 9. Behavior of fuel consumption with the different magnetic treatments.

The graph shows a similar behavior in the consumption of fuel, obtaining in some light loads increments in the
consumption with respect to the diesel without magnetic treatment, this happens with the MTD1 and MTD2. The analysis
performed at 80% engine load showed a statistically significant decrease in diesel fuel consumption of 4.89% with the
MTD3, compared to the control. The magnitude of the reduction of specific fuel consumption depends on the magnitude
of the engine load, obtaining the greatest differences in the maximum load regimes.This confirms what was stated by
several researchers [25,36,38] who obtained decreases of 15%, 4% and 14%, respectively.

This happens because when the fuel is magnetically treated, the highest pressure and temperature values are obtained
and inside the cylinder, closer to the top dead center, the degree of subsequent expansion being greater, and therefore
increases the thermal performance of the engine, which translates into a decrease in fuel consumption [38].

Summarizing, the results obtained in the diesel engine with the application of magnetic fields can be explained due to
the changes that some physical-chemical characteristics of this type of fluids undergo when crossing magnetic fields.
Decreases in viscosity [26,28] and surface tension [40] have been reported, as well as the weakening of intermolecular
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bonds in this type of fluid [25]. Results have also been presented in which, with the use of magnetic fields, variations in
the rheological behavior of liquid hydrocarbons have been obtained [44-46].

The best results were obtained with the application of the magnetic conditioners at the inlet of the injectors, in the
return and before the fuel filter (MTD3). This is because: by applying static magnetic fields in different parts of the
system, it is guaranteed that diesel fuel receives the treatment in several stages, improving the efficiency in each of the
processes in which it participates. In the filter, due to the lower viscosity of the diesel due to the treatment, the hydraulic
resistance decreases, this improves the efficiency of the filtering process. In the injectors, the size of the diesel drops
decreases, favoring the atomization and the air-fuel mixture. In the return, longer exposure time to the magnetic field is
guaranteed throughout the process.

All the above shows that the magnetic treatment of fuel, under these conditions (MTD3), can be considered as an
alternative to improve efficiency in internal combustion engines, reduce the consumption of fossil fuels and emissions of
polluting gases into the environment.

CONCLUSIONS

The magnetic treatments to the diesel caused changes in the combustion process of the Lister Petter LPWS2 generator
set. The highest levels of reduction in emissions of polluting gases were achieved with the magnetic treatments that locate
the MC directly in the engine pipes. As the number of MC in the engine pipes increases, the emissions of polluting gases
decrease. With the treatment that locates an MC in front of each injector, two MC at the entrance of the filter and two
MC in the return of fuel (MTD3) were able to increase the O, emissions by 6.9% and decrease the CO emissions in about
21.3% in the last load of the diesel engine Lister Petter LPWS2. Although there were no statistically significant differences
between the results, NOx emissions and the temperature of the exhaust gases also decreased. The MTD3 showed the
lowest fuel consumption in all loads, achieving a reduction of 4.89% to 80% of engine load. So it is shown that the
magnetic treatment increased the efficiency of the combustion process. The application of this new alternative (MTD3)
would make possible a considerable reduction in the emissions of combustion gases, due to the high number of vehicles
of this type that operate worldwide. This technology has many advantages is economic, easy to install, does not consume
energy and it is not necessary to make mechanical changes in the engine. In future work we will evaluate the effectiveness
of this technology using biofuels, emulsions and mixtures of different fuels. In addition, we will delve into the mechanism
of action that explains the advantages obtained with the magnetic treatment of fuel.
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