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ABSTRACT

Emissions from the exhaust gases of a diesel engine
contain a large number of nanoparticles that are harmful to
human health and the environment. The use of fuel
optimizers, i.e. fuel additives, potentially reduce emissions,
particulate matter (PM), and improve combustion
characteristics. In this study, the engine-out exhaust
emissions, fuel consumption and particle size distribution
emitted from a diesel engine were evaluated using a
mixture of 11% biodiesel and 89% mineral diesel (named
B11), containing 10 ppm of sulfur; a second blend with an
optimizer (called B11x) and a third fuel of 100% mineral
diesel (named BO). The engine was kept at a constant load
of 15 N.m at a speed of 1700 rpm (BMEP of 0.23 MPa)
coupled with a dynamometer. A mobility nanoparticle
spectrometer was used, as well as a gas analyzer and a
dilution system type CVS (Constant Volume Sampling),
which has been used to dilute the exhaust gas to collect the
PM. In general, the results of the experiment indicated that
the addition of biodiesel promoted an increase in fuel
consumption; in the emission of emitted particles and no
variations in gaseous emissions. The additive was effective
only in reducing particulate emissions under the conditions
and concentrations tested.

Keywords: diesel engine emissions, particle size
distribution, fuel additive.

RESUMO

As emissOes provenientes dos gases de escapamento
de um motor ciclo diesel contém um grande nimero de
nanoparticulas, que sdo prejudiciais a0 meio ambiente e a
salide humana. A utilizacdo de otimizadores de combustivel
— aditivos — promete reduzir as emissdes, o material
particulado (MP) e melhorar a queima na combustdo. Neste
estudo, é observado o comportamento das emissoes,
consumo e da distribuicdo do tamanho de particulas
emitidas por um motor diesel utilizando uma mistura de
biodiesel e diesel mineral (B11) com 10 ppm de enxofre;
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esta mesma mistura aditivada de um otimizador (B11x); e o
diesel puro (B0). O equipamento foi mantido a uma
condicdo constante de 15 N.m de carga e 1700 rpm de
rotacdo (BMEP de 0,23Mpa), acoplado a um dinamémetro
do tipo estacionario. Além disto, foram utilizados um
espectrdbmetro de particulas, um analisador de gases e um
sistema de diluicdo tipo CVS, sendo este utilizado para
diluir parte da exaustdo proveniente do motor, na obtencdo
e contagem de MP. De forma geral, os resultados do
experimento indicaram que a adi¢do de biodiesel promoveu
um aumento no consumo de combustivel; na emissdo de
MP e nenhuma variagGes nas emissfes gasosas. O aditivo
mostrou-se eficaz apenas para a redugdo das emissfes de
MP nas condigGes e concentracdes testadas.

Palavras-chaves: emissfes, motor diesel, distribuicéo
de tamanho de particulas, aditivos.

INTRODUCTION

Compression ignition engines are used on a large
scale around the world as equipment for generating
mechanical and or electrical energy. However, their exhaust
gases contain a very large number of environmental
pollutants and particles that are associated with respiratory
diseases [1]. Between the main pollutants emitted are:
carbon monoxide (CO), carbon dioxide (CO,), nitrogen
oxides (NO,) and particulate matter (PM) [2]. The particles
emitted by diesel oil are formed by volatile and non-volatile
components generated from rich combustion regions and
have a size range of 30 to 500 nm [1].

Carbon monoxide is a colorless and odorless venous
gas, a product of incomplete combustion in the combustion
chamber of an engine [3], due to a lack of oxygen capable
of oxidizing the air/fuel mixture [4]. The inhalation of large
concentrations of CO results in a reduction in the ability of
the hemoglobin protein to transport oxygen within the cell
and can even lead to death [5].

NOy emissions are mainly composed of nitric oxide
(NO) and nitrogen dioxide (NO,), which are usually
considered as the worst pollutants emitted by the diesel
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engine [3]. Diseases related to this pollutant include
respiratory problems such as lung irritation, inflammation
of the airways, and asthma [5]. NO, formation is associated
with the in-cylinder peak pressure and temperature inside
the cylinder, the concentration of oxygen present in the
air/fuel mixture, and the duration of combustion reaction

(3]

Particulate materials (PM) are emitted by the engine
exhaust through the combination of components from the
incomplete combustion of the mixture, lubricating oil, and
equipment wear. They are formed by large concentrations
of carbon nucleus particles containing several organic
compounds, HCs, grease aerosols, and are commonly
related to cancer [6]. The emitted particles are commonly
classified through their aerodynamic diameter (dp):
nanoparticles (d, < 50 nm); ultrafine particles (50 nm < d, >
100nm); fine particles (100 nm < d, > 1um) and coarse
particles (d, > 1 pm). Ultrafine particles and nanoparticles
can penetrate through the alveoli, into the lymphatic vessels
and deposit themselves in human blood [4], developing
other cardiovascular diseases.

The use of biofuels as an alternative fuel can
contribute to the preservation of the atmosphere, as well as
reduce fossil fuel dependence. Among the most used
biofuels, biodiesel stands out for compression combustion
engines. The term biodiesel is commonly associated with a
fuel originated from methyl fatty acids or ethyl esters based
on vegetable oils and animal fat [4]. Biodiesel utilization is
related to positive factors such as the reduction of CO
emissions, due to increased oxygen content in the fuel
molecules, which results in more complete combustion [7].
Previous studies have reported similar findings and justified
these results through higher cetane number that enhanced a
reduction in the formation of fuel-rich zones [4]. Some
parameters may affect these indexes, such as biodiesel raw
material, fuel viscosity, fuel injection type, and strategy [6].

Biodiesel can increase the levels of NO, due to higher
temperatures and pressure peaks in the combustion chamber
[4]. Previous studies have reported that these increases may
be associated with the previous factors mentioned, in
addition to an early fuel injection, due to as a result of its
increased volumetric compressibility [2] and higher oxygen
content [7].

The concentration and size distribution of particles
(PSD) emitted by the diesel cycle engine may vary
according to the type of engine, operational conditions
(speed and load), and fuel type during operation [1]. There
is a trend evaluated by several researchers in the reduction
of particulate matter emitted by the diesel engine when
using biodiesel, due to the longer oxidation time of the
gases generated by combustion [4]. However, in a particle
size distribution (PSD) analysis, it is noticeable that

biodiesel enhances the reduction of coarse particles,
promoting an increase in fine and nanoparticles [2, 8, 9].

The specific fuel consumption (BSFC) of diesel
engines fueled with biodiesel shows a slight increase in
comparison with diesel fuel [2]. This may be explained due
to higher viscosity of the biofuel, lower calorific value,
higher cetane number, and flash point [7], which result in
an increased amount of fuel injection [1, 4].

When using biodiesel, there are some disadvantages,
such as higher density, high fuel consumption, and high
nitrogen oxides. To avoid the above disadvantages, fuel
additives promote a significant role in minimizing the
drawbacks of biodiesel and maintaining fuel characteristics
standards. Additives can be considered to improve
combustion, fuel economy, and reduce emissions. Many
different types of additives are added to biodiesel in order
to meet specification standards and restore the quality of
biodiesel. ~ Several additives have been studied.
Furthermore, it is possible to classify them according to
their chemical characteristics [10]. Metal-based additives
promote an improvement in the flashpoint, reducing the
fluidity and viscosity of biodiesel; besides reducing fuel
consumption. Moreover, they are the most effective in
reducing smoke opacity. Oxygen-based additives increase
the oxygen content in the fuel mixture and reduce its
viscosity and density. The addition of antioxidants
increases the flashpoint, cetane number, and the specific
power of the equipment, in addition to being the most
indicated in decreasing the emitted NO, rates [3].

Nano additives are a favorable solution for use in
diesel engine fuel systems [11], mostly due to the impact
that these additive promote in reducing the peak
temperature inside the combustion chamber and
contributing to the reduction of HC, CO, NO, and PM.
Some additives promote an increase in the fuel atomization
rate, which facilitates the complete combustion process
[12]. It is possible to find in the literature that the use of
ethanol as an additive, contributes mainly to the amount of
heat released during the combustion [2]. Cerium-based
additives are usually reported as reducing the
concentrations of coarse particles in comparison with
mineral diesel [13].

Studies around the world are being carried out to
verify ways to reduce engine-out exhaust emissions and
particle matter, with the addition of biodiesel, ethanol, or
fuel additives. Therefore, this study aimed to investigate the
effect of a new soluble catalyst on the performance and
emission characteristics of a Cl diesel engine fueled with a
diesel-biodiesel blend.
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METHODOLOGY

The experiments in this study were carried out using a
naturally aspirated diesel engine, coupled to a Schenck
dynamometer, model D - 210/1-E. The equipment has been
tested with all original parts and components assembled by
the manufacturer. This equipment uses a mechanical
injection pump model Bosch PFR 2K 80A393. The main
characteristics are shown in Table 1.

The engine was maintained at a constant speed and
load (T) regime of 1700 rpm (+ 10) and 15 N.m (+ 1) of
load, resulting in total output power (W) of 2.7 kW,
according to equation 1. This same regime corresponds to a
BMEP of 0.23 MPa and was selected simulating a constant
speed and load regime, similar to that used in engines that
operate as generators, field tractors or mechanical pumps.

Table 1. Engine specification

Model Agrale M-790
Swept volume (cmd) 1272 cm3
Number of cylinders 2
Fuel injection system Direct
Max torque 70 N.m @ 2250 rpm
Max power 24 cv/ 17.6 kW @ 3000
rpm

Engine cooling system Air

2xm

W =T X RPM X% ( ) (Equation 1)

60000

The engine tests followed a standard procedure for
testing the three fuels. First, the engine was stabilized for
about 30 minutes with the fuel to be tested. After this
period, the test conditions were fixed on the engine.
Variables such as ambient temperature, exhaust gas
temperature, as well as ambient air humidity were also
measured by appropriate sensors.

Three fuel mixtures were tested, being BO (0%
biodiesel with 10 ppm sulfur), B11 (11% biodiesel with 10
ppm sulfur), and B11 with a nanocatalyst. This nano-
particle catalyst was added to an 89% diesel and 11%
biodiesel fuel blend (B11 with 10 ppm of sulfur) at a
concentration of 10 ppm for the evaluation of specific
consumption parameters and exhaust emissions (O,, CO,
NO,) and particle size distribution. This catalyst consists of
20 different types of enzymes that, when dissolved, create a
chain of biochemical reactions in the fuel. The
concentration used was adopted to the detriment of the
manufacturer's recommendation. To ensure a 10 ppm

concentration, a graduated pipette was used in order to
reduce supply errors. The additive mixture underwent a
manual stirring process for about 20 minutes and remained
in storage for 24 hours before use. The main fuel
specifications are shown in table 2.

Table 2. Fuel Specifications

Fuel

Unit Method BO B11 Blix
Property
Biodiesel Volume
concentration % - 0 11 11
Additive
concentration ~ PP™M - 0 0 10
Density kg/m* NBR7148 8331 839.1 8393
Kinematic
viscosity cSt  NBR10441 363 3.84 3.68
ol mg/kg KF 4333 3333 500
content

The assessment of specific fuel consumption was
performed using the gravimetric method. A container
containing one fuel at a time was placed on an electronic
scale. As the fuel mass was consumed, the time of this
consumption was recorded on a digital timer. The
verification of specific consumption occurred in triplicate,
and each verification counted with the performance of 5
measurements of time for each mass of 50g of fuel
consumed. Thus, BSFC was calculated by mass
consumption, converted into hours, and by engine power,
according to equation 2. The sensitivity of the scale used
was 1g.

BSFC = m % (%) (Equation 2)

The measurement of O,, CO and NO, was performed
according to NBR 14489. For the collection of these data, a
gas analyzer of MRU Instruments brand, model Optima 7
Biogas, was used, installed in the exhaust manifold of the
diesel engine. The oxygen concentration of the emissions
was measured in order to be related to the results of CO and
NO,. The main analyzer specifications are shown in table 3.

Table 3. Analyzer Specifications

Components Measuring range Accuracy
Operation temperature 5a45°C -
Carbon dioxide 0...100% + 3% reading
Oxygen 0...25Vol. (%) +0.2Vol. (%)
CO (H, compensated) 0...4000 ppm +10 ppm
CO (low) 0...500 ppm +2ppm
NO 0... 1000 ppm +5ppm
NO (low) 0...300 ppm +2ppm
NO, 0...200 ppm +5ppm
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NO, (low)

Gas temperature

0 ... 100 ppm
-17.7 ... 648°C

+5ppm

+ 1% reading

The particle size distribution (PSD) was performed by
a TSI spectrometer, model nanoScam 3910. A dilution
tunnel of the CVS type was used as a partial gas dilution
system at a rate of 24 (flow of atmospheric air/flow of gases
exhaust) to collect the PM. The tests were carried out with
the engine at working temperature, informed by the
manufacturer. O,, CO and NO, measurements were carried
out in triplicate, to improve test reliability and error bars
were added to all graphs. The PSD measurement was
performed in 10 collections of 1 min each, the last 5 with
the engine off, and the CVS running to collect the particles
from the ambient, which were subsequently subtracted from
those previously collected. A schematic diagram of the
experimental set up is shown in Figure 1.

FuelLine

Fuel Tank 2

H Fuel Tank 1

Fuel Scale

D-210/1-E[ | Cl Engine
Gas
Analyzer
}y Gas Diluting

[ ]

Gas Temperature

NanoScam

Figure 1. Scheme of the sampling system for particle matter
and exhaust gases.

RESULTS AND DISCUSSIONS

Analyzing the BSFC, it was possible to notice that the
addition of biodiesel promotes an increase in fuel
consumption. This behavior is in agreement with previous
experiments carried out other researchers [4, 10]. The
addition of biodiesel increased the fuel's viscosity index,
which can reduce the fuel return flow through the injection
pump and contribute to an increase in the injected volume.
The addition of the fuel additive did not result in significant
variations in consumption, being considered statistically
equal to the B11 mixture and slightly higher than pure
diesel (Figure 2).
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Figure 2. Brake specific fuel consumption of different fuels.

Figure 3 shows that the O, emissions resulting from
the combustion of the biofuel had a similar compared to
diesel and blend with additive. The values fluctuate around
16%, since this engine does not have electronic fuel
injection, and the load imposed in the tests was the same.
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Figure 3. Oxygen concentration of different fuels.

Figure 4 shows that the CO emissions resulting from
the combustion of the biofuel had a similar compared to
diesel. It is expected that the higher oxygen content of the
biofuel will lead to an improvement in combustion,
reducing emissions. However, these results were also found
by other researchers in their literary reviews [4, 6, 7]. The
use of the catalyst did not reproduce the effects of
increasing or decreasing the CO content in the B11 mixture,
being considered statistically equal to diesel oil.
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Figure 4. Carbon monoxide concentration of different fuels.

NO, emissions had a similar behavior in nitrogen
oxide emissions (Figure 5), as the results are considered
statistically equal. It was expected that the use of biodiesel
would provide a slight increase in the rates due to the
higher viscosity and density of the biofuel. The higher
oxygen content is also identified as one of the precursors to
this increase in NO, emissions, as the combustion
temperature increases, increasing NO, levels [1, 4].
However, some researchers have identified results similar
to those presented and indicated that these values may vary
according to the operating conditions of the engine and the
source of biodiesel [4]. Others indicate that the use of up to
20% of biodiesel provides similar NO, emissions [6]. The
additive added to the B1l mixture did not promote
significant changes in these emissions.
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Figure 5. NO, concentration of fuels

PSD analysis was performed comparing mineral
diesel (B0) with the mixture without additive (B11) and

with the mixture with additive (B11x). The results of the
analyzed data present a characteristic form of PM emissions
from diesel and its mixtures, with the highest emissions
occurring around 65 nm (figure 6). In this diameter it is
possible to notice an increase in the number of particles
caused by the addition of biodiesel to mineral diesel. A
similar behavior occurs from 110 nm, until the end of the
measurement range. These results are similar to those
analyzed by some researchers [2, 6]. The use of the additive
was able to reduce the particles emitted by biodiesel,
providing a reduction in peak emissions by approximately
25% compared to the B11 mixture.
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Figure 6. Particles Size Distribution of tested fuels

CONCLUSION

From the data analyzed in the experiment, it was
possible to conclude that the use of biodiesel in relation to
mineral diesel promoted a slight increase in the BSFC
content, but without statistical variations in the levels of CO
and NOy. The addition of a catalyst additive to the B11
mixture proved to be ineffective in reducing the parameters
indicated above. The analysis of the excess oxygen
emission showed that the values are statistically equal.
Mineral diesel (BO) proved to be more efficient in BSFC,
factors already expected in the literature. Regarding the
PSD study, BO had the lowest peak values of PM emitted
for the conditions tested. The addition of biodiesel caused
an increase in the peak PM emission and an increase in fine
particle emissions (d,> 100 nm). The catalyst showed
satisfactory vyield, reducing the peak values of B11,
bringing them closer to those generated by BO.

In view of the tests applied, it is recommended to
carry out new experiments varying the load imposed by the
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dynamometer by 50 and 75%, in addition to considering
higher concentrations of catalyst, such as 100 ppm and 500
ppm, to verify the behavior of the additive.
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