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Abstract: Particulate matter of diesel engine exhaust causes several impacts in the optical properties of air,
atmosphere chemistry and human health. These impacts are related to particulate shape, composition and size. This
study analyze the evolution of particulate size through a lognormal distribution using a low cost approach to grip the
particulate matter. A blend of S10 diesel oil and 6% biodiesel was employed as fuel. The data base created by SEM
(Scanning Electron Microscopy) and microanalysis by EDS (Energy Dispersive X-Rays Spectroscopy) fit very good as
a lognormal distribution. The results expose an increase of the particles size mainly after the first 20 hours, this
behavior is accompanied by a reduction of wear rate attributed to the decrement of aluminum and silicon
concentration.
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1. INTRODUTION

Particulate matter (PM) produced by diesel engines exhaust causes several impacts on the environment and on the
human health. PM is made mainly of non-combustible fraction, the carbonaceous fraction, soot and ash (Liati et al.,
2012). The inspiration of PM can result in heart problems, lung diseases, cancer and elevated blood pressure (Ushakov
et al. 2013). Recently, much attention has been given to the influence of very small particles on this problems, mainly
particles above 10 pum (PM10). A lot of studies concerns are associated to PM10 seize distribution, surface area and
chemical composition. Surface area have a strong importance in this problem because chemical reactions in the
atmosphere and human body depends on it. It is important to realize the mechanism of lung injury caused by ultrafine
particles is a result of a large surface area for the release of transition metals (Brown et al, 2001).

To protect the human health, government programs stipulate PM emission limits, the objective is through the
technology development in engine design, materials and fuel reduces PM emissions. These programs regulate limits on
mass particulate emitted, which usually does not include PM10 with less mass. The number of particles and particle
surface area per unit mass increases with decreasing particle size. In this scenario, biodiesel is a promising fuel for the
reduction of carbon monoxide, unburned hydrocarbon and PM emissions, but increase NOx (Chuepeng et al., 2011).

Measurement of PM10 at these levels requires sensitive measurement procedures, the methods used to this are too
expensive, furthermore, most of them analyze only the particles size distributions, which are considered as a sphere.
Particles between 5 and 50 nm diameter are agglomerated into aggregates which may have different formats. Exhaust
filters may be used to capture diesel particulate emissions and subsequently taken under microscope, showing different
size depending on the engine performance. The particles distributions are trimodal, lognormal in form. Lognormal
distributions usually fit actual data very well (Bartoletti and Loperfid, 2010).

The present research has carried out a more detailed investigation into the PM number and surface area distribution
using a low cost method to grip particles. The nature of particles is described and specific mechanisms of their possible
formation are discussed.



IX Congresso Nacional de Engenharia Mecanica, 21 a 25 de agosto de 2016, Fortaleza - Ceara

2. MATERIALS AND METHODS

The engine used for the tests is a single-cylinder, four stroke, air-cooled, direct injection stationary diesel engine
Branco model BD-5.0, 5 hp. The scheme of the experimental test is presented in Figure 1. Constant load of 333W was
applied to the engine through a synchronous generator Kohlbach and a rotation of 2600 + 100 cpm was maintained in
all tests.

1- Disel blend fuel tank
1 2- Diesel injection nozzle
3- PM collector device
4- Exhaustion pipe
5- Diesel engine
6- Dynamometer
7- Torque governor
8- Tachometer
9- Fuel pump
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Figure 1. Scheme of the experimental test.

A blend of S10 diesel oil and 6% biodiesel acquired in a Brazilian gas station was used in all the tests. A textile
element was encapsulated into a device built to this purpose which is attached to the engine's exhaustion pipe (Figure
2). The device is placed as close as possible of the cylinder's discharge, assuring that no PM will be lost by the sample.
Emission gases were collected in a new textile collector each time at a rate of one sample by hour. The samples were
analyzed by SEM images and x-ray diffraction to check the efficiency of the method. The textile element has elliptical
holes with approximately 4 um (Figure 3).
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Figure 2. Textile element encapsulated into a device.
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Figure 3. Textile element with elliptical holes.

The images of collected particles were analyzed, and measured with the image software ImageJ, a public domain
Java image processing program. All the images have the same area, 7,22 (x10° um?). The statistical dimension of PM in
a textile element image from biodiesel engine was the focus of this work.

The tests were performed in the Tribology and Structural Integrity Studies Group of Federal University of Rio
Grande do Norte, in partnership with the Research and Teaching Nucleus of Oil and Gas (NUPEG-UFRN).

3. RESULTS AND DISCUSSIONS

The images sampled after 20 hours are showed in Figure 4. Particles presented in Figure 4 have
nonhomogeneous aspects of size and shape. The patterns of shape show smaller particles with spherical outlines, others
with random outlines and smooth surfaces. The largest particles, above 10 um, have irregular shapes and surfaces, with
some scratches. Considering that presented irregularities, the surface area distribution is an important parameter related
to the toxicity of the particulate (Brown et al, 2001). Figure 5 presents the surface area distribution after 20 hours of
test, the lognormal distribution gives a very good fit to the data.

DEMat-UFRN 2014/01/23 15:10 NL D5.7 x2.0k  30um

Figure 4. PM sample collected from after 20 hours.
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Figure 5. Surface area distribution after 20 hours.
After 130 hours a new sample was collected (Figure 6). The particles agglomerates are bigger and the number

of particles collected was about ten times lower than the test after 20 hours. Figure 7 shows the surface area distribution
at the Figure 6 sample, the curve behavior showed greater fluctuations.

b

DEMat-UFRN 2014/09/29 1410 N D89 x3.0k  30um

Figure 6. PM sample collected from after 130 hours.
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Figure 7. Surface area distribution after 130 hours.

Graphic asymmetry of two samples may indicate that smaller particles passed through the holes of the textile
element, thus were not captured by the image. The particle numbers of the exhaust aerosol from 20 hours sample are
much higher for smaller diameters (nuclei mode) compared to the other image. It is clearly shown that the particle area
concentrations and shape are dependent of engine operating time condition. For particles with size between 0.1 and 10
pm diameter range a residence time in the atmosphere about one week (Kittelson, 1998). For the most of the particles
with circumferential shape detected on the test, this diameter corresponds to an area between 0,008 and 78, 5 um?. For
particles above 10 nm, the residence time is about 15 min (Harrison, 1996). These tiny particles are removed by
coagulation with particles in the accumulation mode with larger size.

The behavior of 20 hours sample is accompanied by high concentrations of aluminum and silicon debris, showing
the relation between the number of particles emitted and the engine wear (Table 1). For the wear debris classification,
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the most relevant features include: size, shape, surface texture, edge detail, thickness ratio, and also the color of the
debris. Although the wear regime can be described by analyzing the size parameters and size distribution, for the wear
mechanism that generates the particles, the shape analysis is required (Raadnui, 2005). The wear debris present in PM
have irregular shapes. The parameters associated to the debris' shape only provide initial information about different
particle types and the wear mechanisms. This way, a more detailed shape analysis in the form of edge detail
characteristic is required (Raadnui, 2005). Also, the presence of sulfur leads to the formation of sulfuric acid and a
stronger corrosive wear in the engine.

Table 1. 20 hours sample description.

Element Weight % Weight % o Atomic %
Aluminum 38.494 15.763 42.159
Silicon 32.734 14.821 34.441
Phosphorus 7.766 18.007 7.409
Sulfur 15.242 13.041 14.048
Strontium 5.764 27.385 1.944

After 130 hours of test, the PM shows a strong tendency to accumulate in brittle agglomerates, varying in size
of one order magnitude. The wear mechanism is less severe and chemical processes taking place in a fully developed
burning plume in the cylinder (Table 2). The hypothesis for the elevate level of carbonaceous particles is that they are
formed during combustion and most of them are oxidized. In addition, lubricating oil may infiltrate into combustion
chamber and form carbonaceous particles as combustion products (Kittelson and Kraft, 2014). The presence of calcium
is an evidence that metallic additives in the lube oil may be converted to gas-phase compounds, and then, converted
from gas to particle due to the expansion and cooling processes of the combustion gases (Kittelson and Kraft, 2014).
The oil infiltration in the combustion chamber can contribute to form more carbon particles as combustion products.

Table 2. 130 hours sample description.

Element Weight % Weight % o Atomic %
Carbon 81.569 1.372 86.159
Oxygen 16.806 1.390 13.327
Calcium 1.621 0.079 0.513
Manganese 0.004 0.059 0.001

4. CONCLUSIONS

Although this investigation is based on a relatively limited sample is possible to realize that this new approach to
grip the PM emitted by a diesel engine using textile sheets is efficient. The following conclusions are drawn:

1. After 20 hours PM have nonhomogeneous aspects of size and shape;

2. The PM nonhomogeneous aspects show the need to analyze the surface area distribution, because it is an
important parameter related to toxicity of the particle;

3. The lognormal distribution gives a very good fit to the surface area of PM and can be used for future analysis;

4. The lognormal graphic asymmetry may indicate that smaller particles passed through the holes of the textile
element, thus were not captured by the image, this shows that the engine produces particles with smaller area
than 0,003 um?;

5. 20 hours sample showed particles very dispersed and with characteristics of different wear mechanisms, this
behavior can be the main cause the total number of small particles to be one magnitude above the sample of
130 hours;

6. For a better understanding of the wear mechanisms a more detailed shape analysis in the form of edge detail
characteristic is required;

7. 130 hours sample shows less wear debris and the particles form more agglomerates, further analyzes are
required for a better understanding of the behavior;

8. The entrained of lubricating oil into burning fuel is evidenced by the presence of calcium, this factor can
contribute to the increase in carbon content as a product of combustion.

9. For more representative data, is necessary a larger number of samples in a shorter time interval.
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Resumo: Material particulado da exaustdo de motores diesel causam impactos severos nas propriedades opticas do
ar, na quimica da atmosfera e na saide humana. Esses impactos estdo relacionados ao formato, composicao e
tamanho da particula. Esse estudo analisa a evolugdo do tamanho das particulas através de uma distribuigéo
lognormal utilizando um dispositivo de baixo custo para capturer particulas. Uma mistura de 6leo diesel S10 e 6% de
biodiesel foi utilizado como combustivel. A base de dados criada por MEV (Microscopia Eletronica de Varredura) e
microanalise por Espectroscopia de Raios X por Dispersdo em Energia (EDS) obtiveram um bom encaixe em uma
distribuicdo lognormal. Os resultados mostram um aumento no tamanho das particulas ap6s as primeiras 20 horas,
esse comportamento € acompanhado pela reducdo na taxa de desgaste atribuida a diminui¢cdo na concentracéo de
alumio e silicio.

Palavras-Chave: Material particulado, Biodiesel, Lognormal, Satde ambiental.



