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Comparative Study on Particles Formation in a Diesel Engine
When Lubricating Oil Involved in Fuel Combustion

Lihui Dong,1 Weiqiang Han,2 Xingyu Liang,3 and Yuesen Wang3

1School of Aeronautical Engineering, Civil Aviation University of China, Tianjin 300300, China
2Laboratory of IC Engine, Xihua University, Chengdu 610039, China
3State Key Laboratory of Engines, Tianjin University, No. 92 Weijin Road, Nankai District, Tianjin 300072, China

Correspondence should be addressed to Xingyu Liang; tjulxy@163.com

Received 18 January 2015; Accepted 23 February 2015

Academic Editor: Ming Huo

Copyright © 2015 Lihui Dong et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The effect of lubricating oil on themorphology of particulate matter (PM) was studied in a diesel engine fueled with pure diesel fuel
and blended fuel containing 0.5% by weight of lubricating oil. Particulate matter emitted by diesel engines is formed primarily by
soot agglomerates which are composed of primary particles. In this paper, particulate matter was collected with a thermophoretic
sampling system, and a high-resolution transmission electron microscope (TEM) was used to investigate the primary particles. A
Fast Particulate Spectrometer, DMS 500, was used to determine the particle size distributions. The TEM results indicated that the
mean diameters of the primary particles increased after the oil was added into the fuel. Particle size distributions results showed
that lubricating oil in the fuel gave rise to a higher concentration in nucleation mode.

1. Introduction

Although diesel engines are widely used in on-road transport
because of their efficiency and reliability, particulate matter
(PM) emitted from diesel engines has negative impacts
on human health [1, 2]. The total mass of PM emissions
from diesel engines has been significantly reduced with the
advent of stricter emission standards. However, the current
emission standards impose limitations only on the mass
of particulate matter that is larger than 2.5 𝜇m (PM 2.5).
Although smaller particulates contribute little to the total
mass, their significant number and effect on human health
and the environment have drawn people’s attention. This is
also the reason why particulate matter smaller than 2.5 𝜇m is
proposed to be included in future emission limits. To achieve
lower PM emissions, regardless of total mass or number, the
optimization of combustion and the use of a posttreatment
system could be effective ways to deal with this issue. Detailed
characteristics of PM are indispensable to achieve the desired
improvement.

A commercial mobility sizer and high-resolution trans-
mission electron microscope (TEM) are widely used in

investigating the detailed characteristics of PM. Although
the use of a mobility sizer is always considered to be a
controversial way to determine PM characteristics, its high
speed and stability are indisputable, especially in comparing
PM emissions; thus it is widely used in PM investigations [3–
7].The results from the mobility sizer were also verified to be
consistent in tendencywith that fromTEM investigations [8].

Of course, results from TEM images are more direct
and visual. Coupled with a thermophoretic sampling system,
many detailed characteristics of PM, such as the primary
particle diameters, morphology, and gyration diameters and
others, can be achieved [9–13]. These results are of great
importance in understanding the formation of particulate
matter and in guiding the optimization of combustion to
achieve lower PM emissions. However, the choice of samples
and the conversion from pixels to actual dimensions can lead
to tiny errors.

Many factors will influence the formation of PM and
lubricating oil is an important one [14–23]. During engine
operation, lubricating oil consumption is inevitable and this
is the reason why PM emissions were found in a hydrogen-
powered engine [24].
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Figure 1: TEM photographs of diesel particulates sampled at (a) 2000 rpm/25% load when fueled with pure diesel and (b) 2000 rpm/75%
load when fueled with blended fuel containing oil.

The contribution of lubricating oil to PM formation is
focused primarily on soluble organic fraction (SOF) [25]
and soot [26]. Lubricating oil shows great influence on SOF
formation and this can be explained through itsmeans of con-
sumption. The means by which lubricating oil is consumed
has been investigated in detail [27]. Such investigations have
concluded that cylinder liner evaporation substantially affects
total engine oil consumption.

It is easy for the oil evaporated from the cylinder liner
to condense on the soot surface and contribute to SOF
formation. Part of the oil entering the combustion chamber
is not burnt and will contribute to the SOF formation in the
same way.

When considering the contributors to oil consumption,
part of the oil which enters the combustion chamber will be
involved with the fuel combustion because of the complex
airflow motion in the chamber. It is easy to imagine that
combustion of fuel will be influenced to a minor extent
because of lubricating oil droplets cracking, evaporating,
or combusting. Oil droplets will absorb heat from their
surroundings when they crack or evaporate, and the resultant
lower temperature will favor PM formation. Previous studies
have also indicated that use of lubricating oil will lead to
the change of particle size distributions and total number of
concentrations [28].

The main purpose of this paper is to investigate the
influence of lubricating oil combustion on soot formation in
a diesel engine. Because of the low rate of oil consumption
during normal engine operation, it is difficult to achieve
repetitive and reliable results. Although oil consumption
will rise when engine speed and load increases [27], yet
different operating conditions will influence PM formation.
In this paper, 0.5% oil in weight is blended into the diesel
fuel. This does not conform to normal operating conditions
but does make sense in investigating the influence of oil
combustion on PM formation. Particulate matter was col-
lected with a thermophoretic sampling system, and a high-
resolution transmission electron microscope (TEM) was

used to investigate the primary particles. A Fast Particulate
Spectrometer, DMS 500, was used to determine the particle
size distributions. The results can well illustrate the influence
of lubricating oil combustion on PM formation.

2. Experimental Setup

The experiments were performed on a direct-injection four-
stroke diesel engine (Yunnei 4100QB) with a peak torque of
340Nm at 2000 rpm.The compression ratio of each cylinder
is 17.8 to 1 and the displacement volume is 3.612 L.The engine
speed in this paper was 2000 rpm and the load was 25% and
75% of full load. The test fuel is pure diesel fuel and blended
fuel containing 0.5% by weight of lubricating oil (Mobil API
CI-4 15W40).Theoil blended into the diesel fuel was the same
as that in the oil pan.

Before the test, the engine and the DMS500 were warmed
up for half an hour. A widely used thermophoretic sampling
system was employed to collect the particulate matter. Cop-
per gridswere used during the sampling.After each sampling,
the grid was carefully removed and stored in the sample box
until the TEM observation. A JEM-2010FEF transmission
electron microscope with a resolution of 0.23 nm was used
to observe particles. Magnifications above 42,500x were used
for spherule diameter measurements.

After each sampling, the engine was kept operating.
The valve leading to the DMS500 was opened. The pipe
connecting the DMS500 to the exhaust pipe was at almost
the same position where particles were sampled for TEM
observation. The DMS500 would adjust the dilution ratio
automatically, and the data would be steady after about 10
seconds. After about 30 seconds, when the data was steady,
the experimental results were recorded for 15 seconds.

3. Results and Discussions

Figures 1(a) and 1(b) show the typical TEM images of diesel
particulates sampled at 2000 rpm/25% load when fueled with
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Figure 2: Primary particle diameter distribution when fueled with
pure diesel.

pure diesel and at 2000 rpm/75% load when fueled with
blended fuel containing oil, respectively.

It can be seen from Figure 1 that the appearance of
particulates is almost identical to those in other studies; that
is, particulates have different shapes with grapelike structures
andmany spherical primary particles collect to form clusters.

3.1. Primary Particle Size Distributions. 20 images were taken
of each operating condition and 7 or 8 primary particles
with clear boundaries were selected for measurement. Mean
diameters of primary particles are obtained by averaging
the diameters of 150 primary particles. From the resulting
primary diameters, size distributions were obtained for each
operating condition as shown in Figures 2 and 3.

Clear conclusions can bemade that the distributions were
statistically normal before and after the oil is added into
diesel fuel. It is statistically acceptable to choose 150 primary
particles. In fact, 50 primary particles can well reflect the
distributions of particles [9].

The influences of lubricating oil on the primary particle
formations are listed below by analyzing the results shown in
Figures 2 and 3.

First, the mean primary particle diameters are about
23 nm, 27 nm, 27 nm, and 28 nm under four different condi-
tions as shown in Figures 2 and 3. Uncertainties will definitely
exist during the diameter measuring but errors should be
within 1 nm. Results in this paper are well in accordance
with past results [29, 30]. Although different engines were
used in these experiments, the mean diameters of primary
particles were in the range of 19 nm to 35 nm. The results
indicated that engine types or operating conditionsmay show
little influence on primary particle formation and that the
PM emissions should be influenced significantly by soot
oxidation.
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Figure 3: Primary particle diameter distribution when fueled with
blended fuel containing oil.

However, although primary particle diameter distribu-
tions were typically normal ones, problems still exist when
judging the primary particle diameters. Figure 4 shows
the typical TEM images of diesel particulates sampled at
2000 rpm/25% load when fueled with pure diesel.

Primary particle diameters in the four parts of Figure 4
are quite different: 15∼20 nm, 25∼30 nm, 35∼40 nm, and 10∼
30 nm, respectively. This phenomenon indicates that com-
bustion in the chamber is not homogeneous. Meanwhile,
diameters of primary particles in one cluster tended to be the
same, which means that primary particles may agglomerate
immediately after they are formed.

During the actual sampling and testing, the diameter
of the copper grid is about 3mm, and the range of TEM
observation is an extremely small part of the grid. Choice of
cluster photographs may be another factor that causes errors.

Second, themean diameters of primary particles decrease
when the load increases. This can be explained by the
situation whereby as combustion temperature and exhaust
temperature increase with an increased load, particles are
oxidized more completely. However, high load requires more
fuel to be injected into the combustion chamber and then
incomplete combustion will lead to the growth of particle
formation. Other investigations have also explained the con-
flicting process of particle formation [11, 31]. In this paper, the
oxidation rates of particles exceeded the surface growth rates
so that primary particles decreased with the load increasing.

Third, mean diameters of primary particle increase from
23.63 nm to 27.21 nm at a speed of 2000 rpm/25% and from
27.32 nm to 28.46 nm at a speed of 2000 rpm/75% load. The
results indicate that mean diameters increase after the oil is
added into the diesel fuel and the effect is more pronounced
when the load is lower. It can be explained that particles
will form when the oil is burnt. Since the lubricating oil
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Figure 4: TEM photographs of diesel particulates sampled at 2000 rpm/25% load when fueled with pure diesel.

is composed primarily of macromolecules, the particles are
bigger than those formed during the combustion of diesel
fuel at low load. Combustion temperature will rise when the
load is higher and the contribution is diminished. During
the actual engine operation, combustion of lubricating oil
should contribute little to the total PM emissions because
of the low oil consumption. Another factor is the influence
of lubricating oil droplets on particle formation during the
combustion of diesel fuel. In a small range surrounding the
lubricating oil droplets, combustion temperature will change
because of the different physical and chemical characteristics
of lubricating oil. In addition, additives in the oil may also
influence the formation or oxidation of particles. When the
load is high,more oil is injected into the combustion chamber
andmore particles form and then the influence of lubricating
oil is not that obvious.

3.2. Particle Size Distributions. Particle size distributions at
different operating conditions are shown in Figures 5 and 6.

Themean diameter of the agglomerated particles (accumula-
tion mode) is in the range of 50–100 nm.

Particle size distributions changed significantly after the
oil is blended into diesel fuel. The most obvious change is in
the nucleation mode. When fueled with pure diesel, there are
two peaks in nucleation mode and the peak increases rapidly
after the oil is blended, regardless of low load or high load.
Peaks in accumulation mode changed little after the oil is
blended. A conclusion can also be made that oil exerts less
influence on the particle size distributions at higher load.

Figure 7 shows the total number concentrations under
different conditions. It can be seen here that the total number
concentrations increase after the oil is blended into diesel fuel.
The influence of lubricating oil on PM emissions is significant
when the load is low. Oil shows little influence on total
number concentrationwhen the load is high and these results
agree well with that of primary particle diameters. However,
the total number concentrations are almost the same when
the oil is added into diesel fuel. It can be explained that the
oil has great influence on the characteristic of particles and
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Figure 5: Particle size distributions at the speed of 2000 rpm/25% load.
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Figure 6: Particle size distributions at the speed of 2000 rpm/75% load.

Table 1: Particles formation comparison.

Load 25% 75%

Pure diesel
Primary particle

diameter 23.63 nm 27.21 nm

Total number
concentrations 4.32𝑒

7
1.21𝑒
8

Diesel
blended with
oil

Primary particle
diameter 27.32 nm 28.46 nm

Total number
concentrations 1.91𝑒

8
1.81𝑒
8

this leads to the change of the spectrum identification of the
DMS500.

Table 1 shows the comparison of particles formation.

4. Conclusions

(1) Lubricating oil involved in fuel combustion will lead
to an increase in primary particle diameters and the
influence is obvious when the load is low.

(2) Particle size distribution results also indicate that the
influence of lubricating oil on PM emissions is less
obvious when the load is high.

(3) Results from the mobility sizer and TEM observation
show the approximate tendency in comparing the PM
emissions. Microstructures of particles will change
after oil is involved in combustion.
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