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Abstract
In recent decades much effort has gone into reducing particle emissions in the exhaust gases 
of heavy-duty diesel engines. Engine development has now reached the stage where it is 
worth to put heavy focus on the contribution of lubricating oil to particulate emissions in 
order to further reduce these emissions. 

A literature study demonstrates that the cylinder system is usually the largest source of oil-
related particles. Oil consumption in the cylinder can be divided into throw-off effects when 
inertia forces act on the piston, piston rings and oil; evaporation from hot surfaces; reverse
blow-by when gas pressure drives the oil consumption; and top land scraping when oil is 
scraped off the cylinder liner. 

The pressure between the compression rings strongly affects the stability and position of the 
upper compression ring as well as the oil consumption caused by the reverse blow-by. A 
method to measure the inter-ring pressure was developed and evaluated. The measurements 
showed that cycle-to-cycle variations were small, but that the inter-ring pressure varied over 
time. Calculations with AVL Excite Piston and Rings confirmed that ring gap positions can 
have a major influence on the inter-ring pressure. 

The measured particle size and number distributions at motoring conditions show interesting 
and unexpected results. The high number of particles with a diameter of around 100 nm was 
greatly reduced when the temperature in the diluter was increased. The mean number particle 
diameter decreased until 10 nm and then became stable independent of further temperature 
increase. Other authors have found that the small particles (nucleation mode) are reduced and 
the larger particles (accumulation mode) are more or less unaffected when exhaust gases are 
heated up and diluted.

Keywords: Diesel engine; Particle emissions; Particulate matter; PM; Lubrication oil, Inter-
ring pressure
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Outline of the thesis 

The thesis comprises a summary and four appended papers. 

List of Papers 

Paper I 

OIL CONSUMPTION AND RELATED PARTICULATE EMISSIONS FROM DIESEL 
ENGINES

This paper was presented at the 12th Nordic Symposium on Tribology, NORDTRIB 2006, 
Helsingør, Denmark, June 7th 2006.

The literature study in this paper investigates oil consumption mechanisms and how the 
consumed oil becomes oil-related particle emissions. Oil can be consumed via the crank case 
ventilation, valve stem seals, turbo charger and cylinder system. The paper shows that when 
using state-of-the-art technology the cylinder system is often the biggest source of oil-related 
particle emission. Oil consumption in the cylinder is categorized depending on the driving 
mechanism. The paper accordingly divides oil consumption in the cylinder into 

throw-off when oil is driven towards the combustion chamber as the result of mass 
forces
evaporation of oil from hot surfaces 
reverse blow-by when a pressure gradient drives the gas flow containing oil towards 
the combustion chamber. 

Paper II 

INTER-RING PRESSURE IN HEAVY-DUTY DIESEL ENGINES 
DEVELOPMENT OF A SIMPLE TEST METHOD 

Technical report, Trita-MMK 2007:14, ISSN 1400-1179, ISRN/KTH/MMK/R-07/14-SE. Part 
of the work described in the paper was presented at the 10th International Symposium on 
Machine Design, OST-07, Tallinn, Estonia, September 28th 2007.

The paper describes the development of a method to measure the pressure between the 
compression rings in a running engine. The goal was to develop a method that would be easy 
to adapt for other projects. In this method the pressure sensors are placed in the cylinder liner. 
As the sensors are stationary, installing the instrumentation and signal transmission can be 
made fairly easy. The proposed measuring method was used in engine tests combined with 
exhaust particle measurements. 



Paper III 

INTER-RING PRESSURE AND PARTICLE EMISSIONS  

Technical report, Trita-MMK 2008:03, ISSN 1400-1179, ISRN/KTH/MMK/R-08/03-SE.  

In this paper the stability of the inter-ring pressure is studied. It was observed that the inter-
ring pressure at mid-expansion stroke is stable when ten consecutive cycles are measured. If 
the measurement is repeated after a few minutes, the inter-ring pressure is still stable but at a 
different level. It appears that a parameter with a fairly long time constant has influenced the 
results. The ring gap positions could be such a parameter. Particle emissions were measured at 
different engine and measuring conditions. It was observed that the treatment (heating and 
dilution) of the exhaust gases prior to particle measurement had the largest impact on the size 
distribution of the particles.

Paper IV 
INTER-RING PRESSURE AND UPPER COMPRESSION RING MOVEMENT AS A 
FUNCTION OF RING GAP POSITION  

Technical report, Trita-MMK 2008:04, ISSN 1400-1179, ISRN/KTH/MMK/R-08/04-SE.  

In this paper the influence of ring gap positions on inter-ring pressure and upper compression 
ring movement was studied by simulating the piston, piston ring movement and the pressures 
between the piston rings. The program Excite Piston and Rings* from AVL was used for the 
study. The study shows that the differences in inter-ring pressure seen over time in Paper III 
can be explained by the differences in inter-ring pressure that occurred when the ring gap 
positions changed. 

* AVL Excite Piston and Rings is an updated version of the program AVL Glide. 



Nomenclature

In this thesis the piston rings and the ring area of a piston are named as shown in Figure 1. 

Figure 1. Illustration and nomenclature of the ring area on a piston 

Crank angles are referenced to firing top dead centre. 
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1 Introduction 
This thesis focuses on oil-related particle emissions that occur when lubrication oil is 
consumed in heavy-duty diesel engines. The major part of the work has been experimental, 
using a single cylinder research engine. In addition, simulations were performed and the work 
of other authors was reviewed. 

The work presented in this thesis is a part of a Scania project to increase understanding of the 
creation of oil-related particles and how to reduce them. Scania has singled out environmental 
performance as an important strategic factor since its goal is to be the market leader in terms 
of environmental performance [1]. 

This thesis includes a study of the constituents and size of the particles emitted from a heavy-
duty diesel engine. Special attention is given to explaining oil consumption and the source of 
oil-related particles. 

2 Background 
The Oxford online dictionary [2] defines the noun particle as a minute portion of matter. The 
word derives from the Latin word particula, meaning “little part”. 

Particle emissions from diesel engines can arise from the consumption of both fuel and  
lubricating oil. In recent decades much effort has been spent on reducing particle emissions 
from these engines by, for example, increasing fuel injection pressure and decreasing the 
sulphur content of the fuel. 

There are two main paths to reduce particle emissions; either preventing the particles from 
occurring or using filters to remove them. A solution that does not involve a filter is attractive 
because a filter creates a fuel consumption penalty that increases carbon dioxide (CO2)
emissions. Moreover a filter adds additional weight and cost to a vehicle. 

Within the engine manufacturing industry the emission of particulate matter (PM) is defined 
by the way it is measured [3]. A typical measuring procedure involves diluting exhaust gases 
with air and then drawing the sample through a filter. The filter is weighed before and after 
the test, with the difference in weight defining the particulate matter. 

3 Particle emissions  
Particulate matter from heavy-duty diesel engines typically comprises a solid fraction 
consisting of carbon and ash, liquid/volatile fractions, and sulphur compounds. The carbon 
compounds are created during rich combustion. The ash portion consists of additives to the 
fuel and lubrication oil such as zinc and calcium. The liquid/volatile fraction consists of fuel 
and lubrication oil that are not fully oxidised. The sulphates are created from the sulphur 
content in the fuel and lubrication oil. The sulphates are hygroscopic and bind water and 
water can therefore also be present in the particulate matter.  
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Figure 2 shows the relative composition of the particulate constituents measured on an 
American heavy-duty engine. The engine was made during the late 1990’s.

Figure 2. Typical PM composition, data according to Kittelson [4] 

Within the European Union, emission standards are applied to all on road vehicles. The limit 
for PM was reduced from 0.36 g/kWh in 1992 to 0.02 g/kWh in 2005 [5]. Much of the focus 
in reducing particle emissions has been on the fuel and air side. Measures such as increasing 
the injection pressure for the fuel, improving air flow, reducing the sac volume of the injector, 
and decreasing the sulphur content in fuel have all led to lower PM emissions [6]. However, 
as the total particulates have been reduced, the contribution of particulates arising from the 
lubrication oil has become proportionally larger.

3.1 Particle size distribution and structure 
Kittelson [4] studied the size distribution of diesel particle emissions. He concludes that most 
of the number of particles are present in the so-called nucleation mode and that most of the 
mass is present in the accumulation mode. The nucleation mode particles are typically 
between 5 to 50 nm in diameter and typically consist of hydrocarbons and sulphates, but may 
also contain carbon and metals [4]. Kittelson et al. [7] report that metallic additives such as 
calcium and zinc in the lubrication oil can undergo conversion to the gas phase and then 
transform into the particle phase. The formation of ash nuclei is conditioned by a sufficiently 
high metal-to- carbon ratio. Most of the particle mass is typically in the accumulation mode 
with a diameter range of 100 to 300 nm. The accumulation mode particles typically consist of 
carbon agglomerates with hydrocarbons and sulphate species [4].

A number of authors have studied the effect of increasing the temperature of the dilution air 
used when measuring particle size distribution. Bernemyr and Ångström [8], 
Lamminen et al. [9] and Casati et al. [10] all concluded that the number of nucleation mode 
particles could be greatly reduced by volatilizing sulphur and hydrocarbon species when 
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heating up the dilution air. Kim et al. [11]. on the other hand. report that “the large diesel 
particles decrease and the small particles increase with heated dilution air”. 

4 Oil consumption 
Lubrication oil can be consumed in a heavy-duty diesel engine via the oil-lubricated bearings 
in the turbo charger, the valve stem seals, crankcase ventilation and the cylinder system. 
Paper I shows that when using state-of-the-art engine technology, the cylinder system is 
normally the dominant source of oil-related particle emissions. 

Oil consumption in the cylinder can be categorized in terms of the following mechanisms: 
Throw-off, when inertia forces drive oil towards the combustion chamber 
Reverse blow-by, when gases containing oil are blown past the upper compression 
ring into the cylinder, either via the ring gap or around the upper compression ring 
through the ring groove 
Evaporation from hot surfaces 
Top land scraping, when the top land of the piston, or more likely, carbon deposits 
on the top land, scrape oil from the cylinder liner.  

It is open to discussion whether top land scraping should be seen as an oil consumption 
mechanism on its own or whether it merely adds more oil to be consumed via the other 
mechanisms. In Paper I, top land scraping is not regarded as a separate mechanism. 

The division of oil consumption proposed here is derived from Yilmaz et al. [12] and Herbst 
et al. [13]. Yilmaz et al. [12] use the terms throw-off, transport with reverse gas flow and 
evaporation. Herbst et al. [13] use the terms throw-off, evaporation, oil blow through top ring 
end and oil scraping by piston top land edge. The SAE Piston and Rings Standards 
Committee [14] has a slightly different approach with their division into liquid, scraped and 
squeezed oil, vaporization of oil and oil in a mist.

4.1 Oil-related particle emissions  
The creation of oil-related particles can be considered as consumption of oil followed by its 
transformation into oil-related particles. Using the proposed oil consumption terminology, the 
routes for creating oil-related particles are shown in Figure 3. The transfer function represents 
the conversion from consumed oil to oil-related particle.  
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In-cylinder oil consumption 

 Throw-off Reverse blow-by Evaporation Top land scraping 

  Transfer function  Transfer function Transfer function  Transfer function  

  PMoil, Throw-off PMoil, Reverse blow-by PMoil, Evaporation PMoil, Top land scraping

PMoil

Figure 3. In-cylinder oil consumption and routes for creation of oil-related particle 
emissions

Measurements of how much of the oil consumed that survives to become oil-related particle 
emissions (survival rate) were performed by Essig et al. [15]. They conclude that the 
temperature strongly affects the amount of oil surviving, and that high engine speeds with low 
load have the highest survival rate. 

5 Pressure measurements in the cylinder 
The oil consumption driven by the reverse blow-by is strongly depending on the pressure 
between the compression rings (second land pressure). A measuring method has therefore 
been developed to facilitate the study of the second land pressure.

5.1 Installation 
The method developed is described in Paper II. It uses pressure sensors placed in the cylinder 
liner. The great advantage of this approach is that installations and signal transmission from 
the pressure sensor is fairly easy since the sensor does not move. Figure 4 shows how the 
cylinder liner was machined for the pressure sensors. Two sensors were placed on the thrust 
side (TS), the side that is heavily loaded during the expansion stroke. Two sensors were also 
placed at the anti-thrust side (ATS). A single cylinder research diesel engine was used. The 
bore is 127 mm, the stroke 154 mm, and the engine is equipped with a common rail fuel 
injection system.  
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Figure 4. Placement of pressure sensors in cylinder liner 

5.2 Results 
The pressure sensors in the cylinder liner measure the second land pressure only during the 
short period of time when the second land is in front of a sensor. An example of the pressure 
traces is shown in Figure 5. Beginning at 0° crank angle, the piston is in its upper position and 
starts to move down during the expansion stroke. As the piston moves down, the pressure 
sensors will be passed by the piston skirt, the fourth piston land, the oil control ring, the third 
piston land, the lower compression ring, the second piston land and the upper compression 
ring. At 180° the piston changes direction and the sensors record the pressures in reverse 
order to the expansion stroke. The crank angles where the second land of the piston was in 
front of a pressure sensor are indicated by arrows in Figure 5.  

The points of interest (when the second land of the piston is in front of a pressure sensor), are 
named after the sensors (upper, lower, TS, ATS). The second land pressure in these points are 
compared with the cylinder pressure (P cyl) to calculate the pressure gradient over the upper 
compression ring. Measurements made during the expansion stroke are labelled with a 1, and 
those made during the exhaust stroke are labelled with a 2. A dashed line has been added to 
connect the measuring points and to illustrate an estimation of the second land pressure 
between these points. One sensor (TS lower) was damaged during the installation and is 
therefore excluded. 
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Figure 5. Typical pressure trace and definition of measuring points 

The difference between second land pressure and cylinder pressure was evaluated for 
different measuring positions. Two different geometries of the lower compression ring were 
evaluated. One of the rings had a step and the other had a bevel to create ring twisting. The 
geometries are shown schematically in Figure 6. Three tests were run with each ring, (Table 
1). One of the tests with the bevelled lower compression ring was run without exhaust gas 
recirculation (EGR). 

Stepped Bevelled 

Figure 6. Two tested designs of lower compression rings 
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Table 1. Test runs 

Test number Description EGR 
1 Stepped a Yes 
2 Stepped b Yes 
3 Stepped c Yes 
4 Bevelled without EGR No 
5 Bevelled a Yes 
6 Bevelled b Yes 

Figure 7 shows the pressure difference between the second land pressure and the cylinder 
pressure (pressure gradient over the upper compression ring) at a test configuration of 
1600 rpm and 25% load. A positive value means that the second land pressure is greater than 
the cylinder pressure. The majority of the measurements in Paper II showed a positive 
pressure gradient.
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Figure 7. Pressure difference for 1600 rpm and 25% load 

Stability over time 
In Figure 7 it can be seen that the pressure gradient over the upper compression ring can be 
different even at nominally identical conditions. Figure 8 shows measurements of the second 
land pressure and cylinder pressure on two different days at the same engine settings. The 
evaluation area for the pressure gradient over the upper compression ring is grey shaded in 
Figure 8. It can be seen that when comparing ten consecutive cycles, the second land pressure, 

Expansion stroke  Exhaust stroke 
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cylinder pressure and therefore also the pressure gradient over the upper compression ring are 
stable on both days. However, the pressure level is different on the two days. 

Figure 8. Pressure traces from two different days with the same engine settings. C1 to C10 
refers to cycle 1 to 10. 

A test was performed in which the engine was held at steady state conditions for half an hour. 
The pressure gradient over the upper compression ring was evaluated. Figure 9 shows the 
pressure gradient over the upper compression ring at measuring position ATS upper 1. Each 
bar is the average value of ten consecutive cycles measured every minute. The measurement 
error has been defined as the standard deviation each minute divided by the square root of the 
number of measurements per minute.  
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In Figure 9 it can be seen that a parameter with a long time constant influences the pressure 
gradient over the upper compression ring. Such a parameter could be the ring gap position.  

6 Ring gap position 
The differences in second land pressure measurements at constant engine settings in this 
project are believed to be due to the different ring gap positions that can occur during engine 
operation.

De Petris et al. [16] measured inter-ring pressure and blow-by. They found two types of 
behaviours. The first type is a “steady” or “multi-steady” behaviour in which the inter-ring 
pressure and blow-by is steady for a while and then changes to another level. The second type 
is an oscillating behaviour when the inter-ring pressure and blow-by oscillate together. 

Min et al. [17] measured the ring gap positions and instantaneous oil consumption. They 
found cyclic variations in oil consumption correlating with the ring gap positions. Min et al. 
refer to Fujimura et al. [18] who reported oil consumption changing by as much as a factor of 
two depending on the alignment of the piston ring gaps. Furuhama et al. [19] report that ring 
gap positions can influence the axial ring movements and the oil consumption.  

6.1 Calculations in Excite Piston and Rings 
The second land pressure and the movement of the upper compression ring were simulated in 
the study presented in Paper IV. The purpose of the calculations was to investigate how 
different ring gap positions influence the second land pressure and the movement of the upper 
compression ring. In particular the crank angles around 86°–92° were studied since they 
correspond to measuring position ATS upper 1 (during the expansion stroke). 

The program used was Excite Piston and Rings† from AVL. The calculations were done in 
two stages. The first step was pre-processing in which the secondary motion of the piston was 
calculated. The secondary motion was then used as input to the second stage, the ring 
dynamics, where the piston ring motion, inter-ring pressures and gas flows were calculated.

Figure 10 shows the model for the gas flow. The ring area of the piston is divided into 
volumes. The volumes are connected to each other by throttles through which the gas can 
flow. The calculations are done in two cuts, one for the TS and one for the ATS. The TS and 
ATS interact with one another as gas is allowed to flow via a gap (throttle) between them. A 
lifted ring on one side creates a reaction force that wants to bend the ring back [20]. 

† AVL Excite Piston and Rings is an updated version of the program AVL Glide  
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Figure 10. Ring region, volumes and throttles 

The axial position of the piston rings is given by the forces acing on them. The forces 
considered are the mass forces, friction forces, gas forces, damping forces caused by oil filling 
in the groove, and bending forces from the interaction between TS and ATS [20]. 

The required input data (for example, the 
cylinder pressure curve and the geometries of 
the cylinder system) were taken from the 
study in Paper III. The calculations were 
performed with 16 combinations of ring gap 
positions (Table 2). The angle for the ring gap 
position was defined from the ATS with the 
positive direction clockwise when the piston 
is seen from above (Figure 11).

Table 2. Ring gap positions 

Ring gap position 
Upper

compression 
ring (deg) 

Lower 
compression 

ring (deg) 
45 45 
45 135 
45 225 
45 315 
135 45 
135 135 
135 225 
135 315 
225 45 
225 135 
225 225 
225 315 
315 45 
315 135 
315 225 

Figure 11. Ring gap position angle definition; 
piston seen from above 
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Inter-ring pressure and upper compression ring movement 
The simulations of the inter-ring 
pressure show that the second land 
pressure varies with ring gap position. 
Figure 12 depicts the maximum and 
minimum second land pressure at each 
crank angle as well as the cylinder 
pressure. Figure 12 shows that when 
varying the ring gap positions a 
difference of up to 6 bar can be 
predicted for the second land pressure at 
crank angles between 86° and 92°.

Figure 13 shows the relative axial 
position as function of crank angle for 
the various combinations of ring gap 
positions presented in Table 2. A small 
period of instability when the upper 
compression ring moves from its lower 
to upper position can be seen at around 
60° crank angle (Figure 13).
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7 Particle measurements 
The number size distribution of the particles emission from the engine used in the inter-ring 
pressure experiment was also measured. 

7.1 Equipment 
The size distribution of the particle emissions was measured in Paper III using an EEPS 
(Engine Exhaust Particle Sizer) Model 3090 from TSI. The instrument sorts particles 
according to their electrical mobility diameter. Its measurement range is diameters from 
5.6 nm to 560 nm. Particle volumes and areas are calculated by assuming the particles to be 
spheres.

To obtain particle levels suitable for the instrument, and to prevent condensation and 
nucleation [21], the exhaust gases were diluted prior to the size distribution measurements. 
The dilution was performed in three steps (Figure 14). A rotating disc diluter was used for the 
first step, while the other stages employed ejector diluters. The dilution air to the first ejector 
diluter as well as the first ejector diluter itself could be heated. The temperature at the mixing 
point in the first ejector diluter was monitored with a thermocouple and is referred to as the 
diluter temperature. 

Figure 14. Single cylinder engine and particle measurement setup 

EEPS
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7.2 Size distribution of oil-related particle emission
The size distribution of oil-related particles was studied. The motoring engine conditions 
shown here were chosen to exclude fuel-related particles. The test was performed at constant 
engine settings and the diluter temperature was gradually increased or decreased. Different 
diluter temperatures were used to study the particle composition. Figure 15 and Figure 16 
depicts the size distributions measured when cooling down the diluter. Figure 15 depicts the 
normalised particle concentration with a linear scale and Figure 16 the same normalised 
particle concentration but with a logarithmic scale.  

Figure 15. Particle size distribution as a function of diluter temperature: motoring at 1600 
rpm while cooling down the diluter. (Linear scale for normalised particle concentration.) 

Figure 16. Particle size distribution as a function of diluter temperature: motoring at 1600 
rpm while cooling down the diluter. (Logarithmic scale for normalised particle 

concentration.) 
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When comparing measurements with room temperature dilution air and 300 °C dilution air, 
Figure 17a, it can be seen that the particle volume concentration is reduced by 97%. The 
corresponding particle number concentration reduction is 75–76 %. The change in average 
particle diameter is depicted in Figure 17b and shows that the number, area and volume mean 
diameters are reduced when increasing the diluter temperature from room temperature to 
300 °C. The Sauter mean diameter (SMD), defined as the diameter of a particle having the 
same volume to surface ratio as the entire spectrum of particles (see Paper 3, Appendix A for 
equation) shows a reduction in particle size up to 80 °C and then starts to increase as the 
temperature continues to increase. 

The volatile species such as hydrocarbons and sulphur compounds seems to be the dominant 
fraction of the particle emission since 97% of the volume was evaporated at 300 °C. 

a) Particle concentrations  b) Mean particle diameters 

Figure 17. Particle concentrations and mean diameters as a function of diluter temperature:
motoring at 1600 rpm while cooling down the diluter 



 15 

8 Discussion 

8.1 Inter-ring pressure and ring gap positions 
This thesis describes a method of measuring the pressure between compression rings during 
engine operation. The method has been shown to be fairly easy to use. The cycle-to-cycle 
variations found are considered small. On the other hand, the variation over time when the 
engine is held at a steady state is considered large. These variations over time are believed to 
be attributable to differences in the ring gap positions. The calculations performed in Excite 
Piston and Rings show that the variations in inter-ring pressure measured are in the same 
range as variations achieved when varying the ring gap positions.

The results indicate that ring gap positions have a large influence on inter-ring pressure. 
Findings from De Petris et al. [16] support the experimental results showing that the inter-ring 
pressure varies over time. Variations in inter-ring pressure ought to influence the oil 
consumption, and indeed Min et al. [17] found a clear correlation between ring gap position 
and oil consumption. 

8.2 Particle measurements 
Different diluter temperatures were used to study the composition of the particles. The 
volatile species (hydrocarbons and sulphur species) were shown to be the dominant fraction of 
the particles. When comparing measurements using room temperature dilution air and 300 °C 
dilution air the corresponding particle number concentration reduction is 75–76 % (Figure 
17a). A particle volume reduction greater than the particle number reduction indicates that the 
particle size has been reduced by increasing the diluter temperature. The SMD in Figure 17 
shows a reduction in particle size up to 80 °C and then starts to increase as the temperature 
continues to increase. The increase in SMD can be explained by the increase in volume 
weighted diameter seen above 80 °C 

The study showed that when the dilution temperature is increased above 300 °C, a large 
number of particles of around 10 nm will remain and the majority of the particles around 
100 nm will disappear. The majority of publications that deal with heating exhaust gases prior 
to particle size measurements (Bernemyr and Ångström [8], Lamminen et al. [9] and 
Casati et al. [10]) report that the nucleation mode particles are removed or decreased and that 
accumulation mode particles are more or less unaffected. The explanation for the removal of 
the nucleation mode is that the sulphur and hydrocarbon species that form nucleation mode 
particles are volatilized by increased temperature. The accumulation mode particles are not so 
strongly affected since the carbon matrix in the accumulation mode particles is more stable.  

Kittelson et al. [7] report that the nucleation mode is formed by nucleation of mainly 
sulphuric acid and hydrocarbons. Metallic additives in the lubrication oil such as calcium and 
zinc form inorganic ash [4]. Most of the ash ends up in the accumulation mode, but nucleation 
mode particles can also be formed from ash if the ratio between ash and carbon is sufficiently 
high [7]. The arguments Kittelson et al. [7] use for nucleation mode particle formation are 
based on studies in which metal-doped fuels increased the nucleation mode. This finding is 



 16 

supported by Du et al. [22], Kittelson et al. [23] and Mayer et al. [24]. In more recent 
publications (2007) Miller et al. [25] confirm the trend of an increasing number of nucleation 
mode particles as the metal-to-carbon ratio increases. Based on Kittelson et al. [7] two 
different models to explain the results of the particle measurements, Figure 15 to Figure 17, 
can be formulated. The first is that the dilution ratio has not been high enough to suppress the 
nucleation of the sulphuric acid and hydrocarbons. The second is that nucleation mode 
particles have been formed by the ash. The hydrocarbons and sulphur species then adhered to 
the ash nuclei and increased the size of the particles. When the diluter temperature increased, 
the hydrocarbons and sulphur species volatilized and only the ash remained.  

9 Conclusions 
The main findings of this thesis are: 

From the literature study:  
In most cases the cylinder system is the dominant source of oil-related particle 
emission.  
The oil consumption in the cylinder can be divided into throw-off, reverse blow-by, 
evaporation and top land scraping. 

Inter-ring pressure measurements and simulations:  
A relatively simple method to measure the inter-ring pressure has been developed. 
The method showed small cycle-to-cycle variations but large variations when the test 
was performed over a longer period of time. 
The simulations showed differences in inter-ring pressure comparable to the  
measurements with different ring gap positions. 

Particle size measurements: 
Particle measurements when motoring the test engine showed a particle volume 
reduction of 97 % and a number reduction of 75–76 % when heating the dilution air 
from room temperature to 300 °C.  
The number, area and volume weighted mean particle diameter reduced as the diluter 
temperature was increased from room temperature to 300 °C. 

10 Proposals for future work 
The work presented in this thesis is part of project aimed at being able to predict and reduce 
oil-related particles in engine exhaust gases.

Future work could use the model described in Figure 3 as its starting point. The oil 
consumption from each mechanism could be calculated with Excite Piston and Rings. The 
transfer functions from consumed oil to oil-related particles would need to be defined. 

The limitations in the oil consumption model in Excite Piston and Rings have to be examined. 
The model ought to be calibrated with high quality oil consumption measurements. The 
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transfer function from oil consumption to oil-related particles may be unique to each oil 
consumption mechanism.  

10.1 Comments on future legislation 
The European Community has discussed extending the legislation for particulate matter to 
include a maximum number of particles [26]. The Euro VI [26] proposal gives a maximum 
PM level of 10 mg/kWh, while the number standard is to be decided later. The 10 mg/kWh 
level is a clear reduction from the 0.02 g/kWh valid for the current (2008) Euro IV and V 
engines. The commission indicates that the number standard should be based on the findings 
from the UN/ECE’s Particulate Measurement Program (PMP) [27]. 

The PMP proposal [27] is intended to measure the number concentration of solid particles. 
The PMP system is fed with diluted exhaust gases from a constant volume sampling (CVS) 
tunnel. The proposed system employs two dilution stages downstream the CVS. The first is 
heated up to 150 °C and the second stage is unheated. A heated (300 °C) evaporation tube is 
placed between the two diluters. The heated diluter and the evaporation tube are employed to 
volatilize unstable compounds. The particle counter used should have an inlet efficiency of 50 
% for a particle size of 23 nm and 10 % for particles of 16 nm [27].

It could be questioned if the 10 nm nucleation mode particles will be found when using the 
PMP setup. It is likely that if the particles consist of hydrocarbons and sulphur species they 
will be evaporated. On the other hand, if they consist of metals from the additives in the oil, 
they will probably remain after the heating in the PMP setup. However, the inlet efficiency of 
50 % at 23 nm and 10 % at 16 nm will probably make the particles non-detectable.  
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