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I. Abstract 
Today, emission legislations for engine exhaust particles are mass based. The 
engines of today are low-emitting with respect to particle mass, with the 
emissions approaching the detection limit of the current measurement method. 
This calls for new and improved measurement methods. Both from the point 
of view of the engine developers and regarding human health effects, particle 
number seem to be the particle property of greatest interest to legislate upon. 
Recently, a proposal for a new particle number based measurement 
methodology has been put forward by the United Nations Economic 
Commission for Europe (UN ECE).  
 
The gas and particle mixture (the aerosol) of engine exhaust is not a stable 
system. The size and the number of the particles change over time as the 
temperature and pressure change. Particle number measurements call for 
dilution which changes the gas-phase concentrations of the condensing gases. 
The dilution process alters the conditions in the aerosol and thereby influences 
the measurements. Within the current project it was desired to better 
understand the outcome of particle number measurements and the 
complexities of particle sampling, dilution and conditioning prior to 
measurements.  
 
Two experimental set-ups have been developed within the project. The first 
system includes a rotating disc diluter followed by a volatility Tandem 
Differential Mobility Analyser (v-TDMA). The second set-up, called the EMIR-
system, includes ejector diluters in series followed by a stand-alone 
Condensation Particle Counter (CPC). After the development of these 
experimental set-ups, the v-TDMA has been used to study the volatility and the 
size distributed number concentration of exhaust particles. The EMIR-system 
was used for total number concentration measurements including only the solid 
fraction of the aerosol.  
 
The experimental work has given practical experience that can be used to 
estimate the benefits and disadvantages of upcoming measuring methodology. 
For the engine developers, in order to produce engines that meet future 
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legislation limits, it is essential to know how the measurement procedure 
influences the aerosol. In summary, the experimental studies have shown that 
the number of nucleation mode particles is strongly affected by varied dilution. 
No upper threshold value of the dilution has been found where the dilution 
effect diminishes. The volatility studies have shown that it is mainly the 
nucleation mode particles that are affected by heat. The v-TDMA instrument 
have shown to be a sensitive analytical tool which, if desired to use for further 
engine exhaust particle characterization, needs some development work. 
Experimental work with the EMIR-system, which in principle is similar to the 
instruments proposed for a future standard, shows that these types of 
measurement systems are sensitive to small changes in the detector cut-off. The 
major outcome of the project lies in the new detailed knowledge about particle 
number measurements from engines. 
 
Keywords: particle emissions, measuring methods, particle number measurements, dilution, 
rotating disc diluter, v-TDMA.  
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II. Sammanfattning 
Nuvarande lagstiftning för begränsning av partikelutsläpp från fordon är 
baserad på partiklarnas vikt. Dagens motorer släpper ut små mängder partiklar 
vad gäller massa och utsläppen närmar sig detektionsgränsen för den nuvarande 
mätmetoden. Därför behövs nya och förbättrade mätmetoder. Både utifrån ett 
motorutvecklingsperspektiv och med avseende på hälsoeffekter tycks 
partikelantal till skillnad från partikelvikt vara den parameter som är 
intressantast för framtida lagstiftning. Europakommissionen har nyligen 
presenterat ett förslag på en ny antalsbaserad mätmetod för avgaspartiklar.  
 
Gas- och partikelblandningen (aerosolen) som utgör motoravgaser är ett 
instabilt system. Partiklarnas storlek och antal förändras över tiden då 
temperatur och tryck ändras. Mätning av partikelantal kräver spädning vilket 
förändrar koncentrationerna i gasfasen av de kondenserande gaserna. 
Spädprocessen förändrar förutsättningarna i aerosolen och påverkar därigenom 
mätningarnas resultat. Inom detta forskningsprojekt avsågs att uppnå bättre 
förståelse för partikelantalsmätningar och svårigheterna avseende provtagning, 
spädning och konditionering som krävs innan mätningarna.    
 
Två mätuppställningar har tagits fram inom projektet. Det första systemet 
innefattar en spädare med roterande skiva, s.k. rotating disc diluter, följt av en 
s.k. volatility Tandem Differential Mobility Analyser (v-TDMA). Den andra 
mätuppställningen, kallad EMIR-systemet, innefattar ejektorspädare i serie följt 
av en fristående partikelräknare, s.k. Condensation Particle Counter (CPC). 
Efter att dessa mätuppställningar tagits fram har v-TDMA:n använts för att 
studera flyktighet och antalsstorleksfördelning hos avgaspartiklarna. EMIR-
systemet har använts för att mäta totalantal av enbart den fasta fraktionen av 
partiklarna.  
 
Det experimentella arbetet har givit praktisk erfarenhet som är nödvändig för 
att kunna bedöma fördelar och nackdelar med kommande mätmetoder. För 
motorutvecklarna är det viktigt att veta hur mätmetoden påverkar 
avgasaerosolen för att kunna producera motorer som möter framtida 
avgasnormer. Sammanfattningsvis har de experimentella studierna visat att 
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antalet nukleationspartiklar starkt påverkas av variationer i spädning. Man har 
inte funnit någon övre gräns där effekten från spädning upphör. 
Flyktighetsstudierna har visat att det i huvudsak är nukleationspartiklarna som 
påverkas av värme. v-TDMA instrumentet har visats sig vara ett känsligt 
analytiskt verktyg som, om man önskar använda det för fortsatta studier av 
avgaspartiklar, kräver fortsatt utvecklingsarbete. Experimentellt arbete med 
EMIR-systemet, som i stort liknar det system som föreslagits för kommande 
lagstiftning, visar att denna typ av instrument är känsliga för små skillnader i 
detektorns s.k. cut-off. Projektets huvudsakliga resultat utgörs av den 
detaljerade kunskap som uppnåtts om mätningar av partikelantal i 
fordonsavgaser.  
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Reading suggestions 
Writing this thesis serves at least two purposes. First of all, it is part of the 
examination for a Doctorate of Engineering. Being a doctoral thesis, it has to 
fulfil some formal requirements such as giving a theory background to the field 
and describing the most important activities performed by the Ph.D. candidate. 
Trying to keep the main part of the thesis as readable as possible, some theory 
descriptions have been taken out and can be found in the appendix of the 
thesis. Secondly, and as important as the first purpose, this thesis aims at 
presenting the experiences achieved regarding number measurements of 
exhaust particles. The intended readers are engineers in the automotive industry 
responsible for aftertreatment and engine development as well as emission 
measurements. These persons are well acquainted with the field of emissions 
and engines. Basic theory is therefore not needed, and the focus can be on the 
new equipment used and the results achieved in the project. For these 
engineers, being able to compare with their own work is of interest. Achieving 
an understanding for the hardships encountered during the work may also be 
desired. To fulfil these needs, detailed descriptions of the measurement set-ups 
and the procedure has been included in the thesis.  
 
The first two chapters give an introduction and a short background explaining 
why research is needed on number measurement of engine exhaust particles. 
The third chapter describes the EMIR-1 project including objectives, 
organization and a list of the main research activities. Chapter 4 states the focus 
of the experimental work and discusses some of the reasons for taking this 
focus. The equipment is also briefly introduced. Chapter 5 describes the 
equipment used for sampling, dilution and thermal conditioning. This chapter 
is based on instruction manuals and related scientific articles with addition of 
the specific details how the equipment was used within EMIR-1. Some critical 
analysis has also been included based on experiences achieved within the 
project. Chapter 6 describes the measurement parts of the experimental set-ups, 
including devises for selecting and detecting the particles. The test procedure 
and the fuels and lubricating oils are also described. The main part of this 
chapter is based on experiences from the current project but some information 
from instruction manuals and related publications is also included. Chapter 7 
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discusses some of the experimental studies performed. The main results of the 
appended papers are highlighted and some unpublished experimental data is 
discussed. At the end of the thesis in chapter 8, the main conclusions from the 
experimental work are summarized.  
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Volatility and number measurements of diesel engine exhaust particles 

1 Introduction 
Internal combustion engines are part of daily life all around the world. We are 
dependent on engines for transport of both people and merchandise. Being 
indispensable, combustion engines are still contributing to environmental issues 
such as pollution and the greenhouse effect as well as health issues. To diminish 
the adverse effects of internal combustion engines on the environment and 
human health, the Swedish vehicle industry together with the Swedish 
government formed the “Green Car” collaboration program in 2001. The 
Green car program should be focused on research and development of more 
environmentally adapted vehicles. One part was focused on vehicle emissions 
with two projects named EMIR for EMIssion Research. The emission research 
efforts were divided into measurements methods for particle emissions (EMIR-
1) and the health effects of these particle emissions (EMIR-2). This thesis 
presents results of the work within EMIR-1.  
 
Since the start of emission legislations, restrictions on particle emission from 
engines and vehicles have been mass based. Today’s engines are low-emitting 
with respect to particle mass, with the emissions approaching the detection 
limit of the current measurement method. This builds up a need for new and 
improved measurement methods. Also, the importance of the measured 
parameter for the environment and human health demands a new method. It 
can be assumed that particle size, number and composition have as high 
importance as particle mass when it comes to influencing the human health.  
 
New methods for measurement of exhaust particles have been proposed in 
recent years. The most promising proposal includes measuring the total particle 
number concentration above a defined particle size. Particle number 
measurements are troublesome to perform in a reproducible way, as the gas 
and particle mixture (the aerosol) is not a stable system. The size and the 
number of the particles change over time as the temperature and pressure 
change. To be able evaluate the proposed methods, a higher general knowledge 
about particle measurements that goes beyond the traditional mass method is 
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needed. A deeper understanding of the outcome of number measurements and 
the complexities of particle sampling, conditioning and transport is desired.  
 
The EMIR-1 project was started out with the general goal of achieving a higher 
national competence in the field of particle sampling and measurement. The 
project involves the Royal Institute of Technology (KTH) and the Swedish 
automotive industry: Saab Automobile / GM Powertrain, Scania CV, Volvo 
Car Corporation and Volvo Technology Corporation, and AVL MTC that is an 
R&D and test company focusing on engines, vehicles and their environmental 
effects. These companies, henceforth called the Industry, have given financial 
support and have also been active in the project. Based on an extensive 
literature review and on discussions within the project group, it was decided to 
focus on particle number measurements. Particle number gives close to real-
time information about the exhaust particles. Besides giving health relevant 
information, measuring particle number can thereby give information of the 
transient engine performance. Measuring (and legislating upon) particle number 
would give the automotive industry a better basis compared to mass 
measurements in their work to continue developing effective engines and 
aftertreatment solutions. Parallel with our decision but independent thereof, 
other international research projects also decided to focus on number 
measurements. One of the specified goals of EMIR-1 has been to achieve 
enough practical experience and theory background to be able to estimate the 
benefits and disadvantages with tools and methods proposed by others. 
Understanding the upcoming measuring methodology is of great importance 
for the engine manufacturers when aiming at producing engines that meet 
future legislation limits. Questions that arise could be for example: “What does 
it mean with respect to particle number that a certain amount of dilution is 
proposed or that heating should be preformed to a specific temperature?”  
 
Different methodologies have been used within the project to achieve the 
goals. A higher national competence within the field was obtained through 
collaboration between several partners in both theoretical and experimental 
work. New knowledge has been created by merging different interpretations of 
the basic theories already available. New knowledge has also emerged from the 
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numerous experiments performed. Two experimental set-ups have been 
developed and used for characterization of engine exhaust particles. Through 
evaluation work in the engine laboratory, estimations of the capabilities of new 
instruments and methods have been done. Tests have been done both in a 
research environment at the University, and in a more applied form in Industry 
similar to how engines are certified.  
 
The major outcome of the work performed by the Ph.D. candidate lies in the 
new detailed knowledge obtained about particle measurements from engines. 
After the development of the experimental set-ups, the engine tests have been 
aimed at answering the following research questions:  

1. Is the rotating disc diluter a dilution system suitable for particle 
number measurements in engine exhaust? And is it possible to use this 
diluter when sampling directly downstream the turbine of a heavy-duty 
diesel engine? 

2. Can the in-house developed v-TDMA instrument be used to 
characterize exhaust particles sampled directly downstream the turbine 
that have been conditioned by use of a rotating disc diluter? 

3. Can the EMIR-system be used to illustrate the total particle number 
concentration in engine exhaust?  

4. What information about the exhaust aerosol is not available if replacing 
the complex v-TDMA instrument by the more easy-to-use EMIR-
system? 

During engine testing, several aspects of exhaust particle number 
measurements have been highlighted. For example, the influence on the particle 
number of applying various amount of dilution has been studied as well as the 
influence of heating the particles. Evaporation of the particles has been studied 
both for size separated particles and for the complete size range of the aerosol. 
Work has been done to gain insight into the size specific volatility of the 
particles. Although this part of the project did not come as far as hoped, a way 
to obtain this size dependent information has been illustrated. Some 
information of the available data sets still remains unexplored and therefore 
unpublished. It should be emphasized, that not only the research results play an 
important role when evaluating the success of a research project. The human 
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resources created have as great importance. Within EMIR-1, the human 
resources are not only one person, the defender of this thesis, but merely ten or 
more persons within the Swedish automotive industry as well as graduate 
students and supervisors at the University.   
 
Particle number measurements from engine and vehicles are complex to 
perform and analyze. The purpose of this project was therefore to obtain a 
deeper knowledge of particle emissions from combustion engines, mainly 
through experimental work. Studying the exhaust particles and their behavior 
during sampling, transport and measurements has given a deeper understanding 
for the advantages and drawbacks of the tools and methods presently available 
on the market. The work presented in this thesis includes results from vehicle 
and engine testing as well as laboratory tests.  
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2 Background  
Vehicles and engines have played an important role in daily life for over a 
century. Currently, the use of internal combustion engines is increasing world 
wide. The increasing number of vehicles and engines is not only a factor of 
development and something that make our lives more convenient. The engines 
and their use of fossil fuel have also affected the environment and human 
health in a negative way. The effects on the atmosphere can be seen as smog, 
pollution and the uprising greenhouse effect. In the past fifteen years, there has 
also been an increasing concern worldwide about the adverse health effects of 
particulate matter from combustion engines. Several investigations and reports 
have been initiated to estimate the influence on human health from engine 
exhaust particles, e.g. [1]. 
 
Particulate pollutants is today of high interest since epidemiological studies 
indicate adverse health effects caused by particles. During the past fifteen years, 
strong evidence has emerged that exposure to air pollution contributes to 
excess mortality and morbidity. The first evidence that mortality was more 
strongly associated with exposure to airborne particulate matter than with 
exposure to other airborne pollutants was presented in 1993 by the research 
group of Dockery et al. [2]. The same conclusion has been drawn by many later 
studies as summarized by Vedal [3]. The effects on the human body of particle 
pollutants are diversified and have been documented in several studies. 
Elevated levels of particle pollutants have shown to cause chronic, adverse 
effects on the development of the lung function among children [4]. Particle 
pollution is also associated with decline in peak expiratory flow rates and 
increased occurrence of cough and cold episodes in children [5]. 
 
Since year 1992, Europe has a common legislation on engine and vehicle 
emissions. From the start, the legislation includes regulation of the particle 
emissions from diesel engines whereas the limitations of particle emissions 
from gasoline cars will come into force in year 2009. Until today, particle 
pollutants have been regulated by mass. Discussions are currently ongoing to 
expand the legislation methodology to include number measurements of 
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particles larger than a specified size. From a health effect point of view, the size 
of the particles is significant as this determines in which part of the respiratory 
tract the particles are deposited. Fine particles are defined as having 
aerodynamic diameter, in this thesis abbreviated Dp, below 2.5 μm, whereas 
coarse particles have diameter between 2.5 and 10 μm [6]. Engines, especially 
diesels, are major sources of fine particles. The great majority in number of 
these particles is in the nanoparticle range, having a diameter below 50 nm, 
while most of the mass is in the accumulation mode (50 < Dp < 1000 nm) [6]. 
Apart from particle size, the composition of the particles will also matter, as 
this determines how the respiratory tract reacts, or the body responds. Fine 
particles have shown to have higher concentrations of trace elements and 
toxins than coarse particles collected at the same sampling place [7]. Examples 
of the trace elements and toxins are sulphur, lead, arsenic, chloride and zinc, 
which are all believed to have association with urban anthropogenic sources 
such as combustion of fossil fuels. 
 
The current emission standards for diesel engines include measuring the weight 
of particles collected on a filter after dilution in a constant volume sampler 
(CVS). Given the previous health discussion, particle mass does not seem to be 
the only particle property of importance from a health perspective. 
Measurement methodologies that give information about particle size, number 
and/or composition seem to be more relevant from a health effect point of 
view. From the point of view of the engine developers, current mass 
measurement procedure gives little information about instantaneous emissions 
and is therefore not the best option for improvement of the engine transient 
performance. There is a wish to gain information with a higher sensitivity for 
engine conditions than the mass of particles collected on a filter after the CVS. 
Interesting particle properties to monitor may be number, volume and surface 
distributions. According to our extensive literature study, PAPER VI, number 
measurements seemed to be the most promising alternative to gain information 
about the particles during engine transients.  
 
It can be concluded both from the perspective of the engine developer, and 
from a health effect point of view, that a need for new and improved 
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measurement techniques for exhaust particles has arisen. Several research 
projects have been initiated and a variety of both instruments and methods 
have been proposed and debated over the last few years, e.g. [8] and [9]. A 
modification of the standard for certification of light duty vehicles has been 
proposed which includes particle number measurements, [10] and [11]. A 
similar proposal for heavy-duty engines can be expected within a few years. 
Regulators are thus looking at setting emission limits on number in addition to 
mass. Number measurements are more troublesome to perform in a 
reproducible way compared to mass measurements, as the handling of the 
sample will strongly affect the results. Sampling, dilution and conditioning has 
severe influence on the outcome of number measurements, e.g. [6] and [12]. 
When changing the measured parameter of the particles from mass to number, 
it is thus of great importance to fully understand the benefits and drawbacks of 
the instruments and the method used for the measurements. To estimate the 
potential of the apparatus and methodology, further knowledge about the 
exhaust aerosol is needed.  
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3 The EMIR-1 Project 
This chapter introduces the Swedish national research project EMIR-1 and 
gives an overview over the purpose, the organisation and the research direction 
of the project.   

3.1 Objectives 
The Swedish national research project EMIR-1 was initiated to gain better 
competence in the field of particulate measurements and to facilitate sharing of 
knowledge within the Swedish automotive industry. At the start of EMIR-1 in 
year 2001, the competence in Sweden was good regarding the certification 
procedure but a higher knowledge about alternative methods for exhaust 
particle measurements was desired. The main objective of EMIR-1 was thus to 
increase the level of knowledge both within Swedish automotive industry and at 
University concerning exhaust aerosols and measurement of exhaust related 
particles. By establishing a forum for cooperation, a common understanding on 
sampling, measurements and interpretation of results concerning measurement 
methods could be achieved. It was stated that the knowledge achieved within 
the EMIR-1 project should be used to evaluate possible new certification 
methods. It would also give the possibility to influence the choice of and/or 
the development of a new standard. It should be pointed out that, by gaining 
better knowledge about measuring techniques for exhaust related particulates; 
the Swedish automotive industry will also be able to, with greater accuracy, 
develop engines with less influence on the environment and human health. 
Measurement methods for exhaust related particulates are not an area with 
competition between the different participating companies. Therefore, all 
Swedish road vehicle producers are supporting the EMIR-1 project.  
 
After a thorough literature review published in PAPER VI, some more 
specified goals of the experimental work within EMIR-1 were formulated. It 
was decided to focus on particle number measurement. Developing two 
versions of measurement systems for particle number, and evaluating their 
performance during engine testing was the primary goal, which has consumed 
considerable amounts of the time and finance available. After developing the 
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measurement systems, a few research questions were raised that the engine tests 
performed by the Ph.D student were to answer:  

1. Is the rotating disc diluter a dilution system suitable for particle 
number measurements in engine exhaust? And is it possible to use this 
diluter when sampling directly downstream the turbine of a heavy-duty 
diesel engine? 

2. Can the in-house developed v-TDMA instrument be used to 
characterize exhaust particles sampled directly downstream the turbine 
that have been conditioned by use of a rotating disc diluter? 

3. Can the EMIR-system be used to illustrate the total particle number 
concentration in engine exhaust?  

4. What information about the exhaust aerosol is not available if replacing 
the complex v-TDMA instrument by the more easy-to-use EMIR-
system?  

For all these questions, it was also interesting to know if the applicability of the 
instruments was dependent on certain conditions. For example, it was desired 
to investigate if any of the instruments could only work accurately using a 
specific fuel quality, a specified engine generation or with/without exhaust 
aftertreatment.  

3.2 Organisation 
EMIR stands for EMIssion Research and the EMIR-1 project has been part of 
the “Green Car”-initiative from the Swedish Government. Financial support 
was given by the Swedish state administrated by the Swedish Agency for 
Innovation Systems (VINNOVA). The project involved all Swedish car and 
truck engine producers: Saab Automobile AB, Scania CV AB, Volvo Car 
Corporation and Volvo Technology Corporation, and AVL MTC that is an 
R&D and test company focusing on engines, vehicles and their environmental 
effects. These companies have given financial support and have also been 
active in the project. The project included funding for a full time employed Ph. 
D. student during 4.5 year’s time. The two parts of the project are referred to as 
‘industrial’ and ‘academic’ part in this thesis. These denotations have nothing to 
do with the type of work performed within the different parts, but are merely a 
sign of which partner that perform the work. Contacts have been continuous 
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between the academic and the industrial parts of the project so that findings 
can be interpreted and newly achieved knowledge shared. Associate Professor 
Urban Wass at Volvo Technology has been project manager. Professor Hans-
Erik Ångström at the Royal Institute of Technology has been main supervisor 
of the Ph.D. studies. Professor Hans-Christen Hansson at the Institute of 
Applied Environmental Research, Stockholm University was engaged as co-
supervisor during the years 2002 until 2004. During 2006 and 2007, Professor 
Lars Olander at the Department of Civil and Architectural Engineering, Royal 
Institute of Technology has been co-supervisor of the Ph.D. work. EMIR-1 
had a sister-project, named EMIR-2 and managed by the same project leader, 
where a health risk assessment was performed on exhaust gas related particulate 
emissions. The EMIR-2 project is briefly described in the appendix.  

3.3 Research Activities 
This chapter gives an overview of the research activities performed within 
EMIR-1, both by the Ph.D. candidate alone and in collaboration with the 
Industry. The bulleted list below states a majority of the activities in 
chronological order. The most important activities are reported in PAPER I 
through PAPER V, which are appended at the end of this thesis. Other 
activities are described in PAPER VI and PAPER VII as well as the report 
made by the Industry [13]. Some experimental work have been performed only 
to gain a more general experience or to be able to choose between different 
available options. The results from such activities have not been published. The 
status of the results from each study is given in the list below.  
 
• Literature review, spring 2002. Reported in PAPER VI.  
• Brief experimental evaluation of two different dilution systems. October 

and November 2002. Unpublished.  
• Evaluation of the Rotating Disc Diluter. April and May 2003. Reported in 

PAPER VII.  
• Experimental work with the rotating disc diluter (RD) and the volatility 

differential mobility analyzer (v-TDMA) at AVL MTC to study the exhaust 
particles of two heavy-duty vehicles on chassis dynamometers. November 
2003. Reported in PAPER II.  
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• Preliminary experimental work in the engine test cell at the Royal Institute 
of Technology (KTH) with the aim of finding temperature and dilution 
settings suitable for future work. January and February 2004. Unpublished. 

• Experimental work with the RD diluter and the v-TDMA instrument on a 
diesel passenger car at AVL MTC. Comparison with and without primary 
full flow dilution using a CVS. April 2004. Unpublished.  

• Experimental work performed by the Industry to compare three dilution 
systems both in the laboratory and with vehicle exhaust. April 2004. 
Presented in [13].  

• Installation of the continuously regenerating trap (CRT), and preliminary 
experimental work in the engine test cell at KTH to evaluate the 
performance of the aftertreatment device. August 2004. Unpublished. 

• Experimental and modelling work to estimate the particle losses in pipes 
during exhaust measurements. Supervision of undergraduate student project 
work. Autumn 2004. Reported in [14]. 

• Licentiate thesis [15] and defence for the diploma Licentiate of Technology. 
October 2004.  

• Participating in measurement campaigns performed by the Industrial 
partners during two weeks at each company. November and December 
2004. Presented in [13].  

• Characterisation of the heaters used for volatility studies of the exhaust 
particles. January 2005. Unpublished.  

• Experimental work with the RD diluter, the v-TDMA instrument and a 
stand-alone CPC preceded by a heater at KTH. The exhaust particles of a 
heavy-duty engine equipped with aftertreatment device was studied. January 
and February 2005. The evaluation work to complete PAPER III, PAPER 
IV and PAPER V was done in 20062.  

• Design and development of an ejector diluter and a system to enable mass 
measurements of exhaust particles in the engine test cell at KTH. The work 
was performed within the frame of three consecutive Master Thesis 
projects. January 2005 until June 2006. Presented in [16], [17] and [18].  

• Experimental evaluation of the rotating disc diluter. November 2006. 
Presented in PAPER I 

                                                      
2 The Ph.D. studies were on hold for nine months in year 2005 due to parental leave.  
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4 Focus of experimental work 
The following chapter discusses some of the issues needed to consider when 
deciding upon a measurement methodology for exhaust particles. The focus of 
the work performed within EMIR-1 is presented including a short overview of 
the equipment used in experimental work.  

4.1 Considerations regarding measurement 
methodology 

The intensified research on health effects has increased the activity to find a 
new methodology for the legislated particle emission standard. From a 
measurement perspective, it is firstly important to find what parameter of the 
particles that should be considered in the measurements. Such parameter could 
be mass, number of particles, surface, chemical composition etc. It has also to 
be decided if the complete aerosol should be included in the measurements, or 
if only a fraction should be selected. Such fraction could be either a specific size 
fraction or a fraction of the aerosol with respect to volatility. The measurement 
procedure should be designed so that the most interesting parameter and 
fraction of the particulate matter is measured and legislated upon. Deciding 
upon this parameter and fraction should preferably be done considering the 
various health effects associated with different properties of the particulate 
matter (such as size and chemical composition). Also, there are several given 
prerequisites that a measurement method should meet. As a minimum 
requirement, the method need to be robust, sensitive enough to be applied on 
newer low-emitting engines and stable in respect to thermodynamic conditions. 
It is desired that the measured parameter is an effect of the engine or vehicle in 
question, and not an artefact of the dilution and measurement system. 
 
Discussions are currently ongoing world wide on how to improve and/or 
extend the current certification standard to meet the demands of new low-
emitting engines as well as the findings regarding health effects. A proposal has 
been put forward for light duty vehicles to include not only the traditional 
gravimetric measurements, but also measurement of total number 
concentration [10]. One of the advantages with continued mass measurements 
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is the long experience of such methodology and the vast majority of available 
toxicological and epidemiological studies based on mass as the metric of 
exposure. According to the EMIR-1 group, number measurements were 
however regarded the only realistic alternative to gain close to real-time 
information about the exhaust particles. There are also indications that particle 
number has importance from a health point of view. The EMIR-1 group thus 
decided to focus on number measurements. Correlation between mass and 
number measurements is however desired in order to facilitate comparison with 
the current standard and with studies of health-effects which is traditionally 
performed on a mass basis. 
 
Apart from the discussion on what parameter of the particles to measure, it has 
to be decided how to sample, dilute and condition the aerosol prior to 
measurements.  When number measurements are considered, the processes of 
sampling, dilution and conditioning will strongly affect the outcome of the 
measurements. An appropriate handling of the volatile components is essential 
to avoid uncontrolled particle formation through nucleation processes. The 
basic concepts of exhaust particles as well as some information about particle 
formation and characteristics can be found in the appendix of this thesis. 
Within the EMIR-1 project it was decided that the experimental work within 
the industrial part would perform total number concentration measurements 
after high, hot dilution. These studies would thus focus on the solid 
accumulation mode particles with a mobility diameter larger than approximately 
30 nm. The work by the Ph.D. candidate has included nucleation mode 
particles down to 3 nm in diameter in the studies. This diameter was the 
smallest possible to study with the available particle counters. Measurements 
have been performed with and without heating the particles to study the 
volatile fraction of the aerosol. By characterizing the nucleation mode particles, 
we learn a lot about their behaviour during sampling, conditioning and 
measurements. With this knowledge we can get a feeling for to what extent they 
can be reduced by different methods. Characterizing the nucleation mode 
particles will also give a better understanding for what information we loose 
when these particles are excluded from the measurements, as has been 
proposed for future emission standards [10].  
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4.2 Overview of the equipment used in EMIR-1 
The focus of the experimental work has been somewhat different between the 
work performed by the Ph. D. student and the work performed by 
representatives for the participating companies. Some equipment has therefore 
been used within both parts, whereas other equipment has only been used 
within one part of the project.  
 
The focus of the Ph.D. work within EMIR-1 has been to characterise the 
exhaust aerosol concerning particle size and number. By measuring the number 
of particles with diameters between 3 and 180 nm, both the nucleation mode 
and the accumulation mode particles have been included in the studies. The 
volatility of the particles has also been studied. Equipment needed to study size 
distributed number concentration and the volatility of the exhaust particles was 
not readily available at the beginning of the project in year 2001. A 
measurement instrument, the volatility Tandem Differential Mobility Analyser 
(v-TDMA) including a heater, was therefore developed within the project. The 
v-TDMA was assembled using separate units as described in section 6.1.1. The 
v-TDMA has been used together with a rotating disc diluter for sampling and 
dilution of the exhaust. During the past years, instruments to measure similar 
parameters of the exhaust particles have been introduced on the market. 
Examples of such equipment are the DMS500 Fast Particulate Size 
Spectrometer from Cambustion Ltd. [19] and the Engine Exhaust Particle Sizer 
(EEPS) Spectrometer from TSI Inc [20]. The Ph.D. work have also included 
study of the total particle number concentration and the effect of heating the 
complete aerosol by use of a stand-alone Condensation Particle Counter (CPC) 
preceded by a heater.  
 
The experimental work within of the industrial branch of EMIR-1 has been 
focused on total number concentration measurements of the solid fraction of 
the exhaust particles. The first phase of experimental studies was an evaluation 
of three different dilution systems to find the most suitable one for testing 
purposes in the Industry. In the second step, an experimental set-up was put 
together from commercially available instrument units. Finally, engine tests 
were performed at three of the companies to evaluate the measurement set-up 
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and study exhaust particle from various engine and vehicles. The measurement 
system, referred to as the EMIR-system, includes two or more ejector diluters 
in series followed by a stand-alone CPC. The first ejector is heated to avoid 
condensation and nucleation of volatile species. With this set-up, the total 
number concentration of the solid fraction of the aerosol can be measured. It 
was believed that excluding the volatile fraction from the measurements would, 
with reasonable effort, enable to perform repeatable measurements with good 
accuracy. Each of the instrument units needed to measure the total number 
concentration of the solid fraction were well-known and the procedure to 
assemble the experimental set-up and do the measurements was considered 
fairly straightforward. This experimental set-up was thereby regarded to be 
suitable for the round-robin tests at the participating engine laboratories. The 
experimental set-up including sampling, dilution and measurement equipment 
needed to be portable and easy to connect and operate. The instrument also 
needed to be robust enough to be used in an engine laboratory without any 
need for specialized competence in measurement technique or major 
modification of the existing test cell facilities.  
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5 Sampling, dilution and thermal 
conditioning 

Sampling and dilution alter the conditions in the aerosol and thereby influences 
the measurements. Various physical processes take place during sampling and 
dilution, such as homogenous nucleation, heterogeneous nucleation, 
condensation and coagulation. These phenomena are of prime importance for 
the development of the aerosol size distribution, and they are greatly influenced 
by the dilution and sampling procedure. Some of these physical processes are 
described in the appendix of this thesis. This chapter presents the equipment 
and methods used for sampling, dilution and conditioning of the exhaust 
previous to measurements 

5.1 Sampling and transport 
Various factors influence the sampling and transport characteristics. Such 
things are for example design of sample probe, position of sampling device, 
tube length and tube material. The influence of some of these factors is not 
thoroughly understood and the choice can be hard to make. The actual 
procedure used during experimental work needs to be specified and 
documented, since these factors might have large influence on the number 
measurements. 
 
Particles in an aerosol are affected by external and internal forces. Forces that 
may lead to wall deposition of particles inside the tubes of the measurement 
system include Brownian diffusion, thermophoresis, electrostatic deposition 
and impaction. When these processes occur in the sampling system the particle 
number concentration is altered. These processes are briefly described in the 
appendix of this thesis. When designing the sampling and dilution system, 
measures may be taken in order to reduce these effects. Parameters of 
importance include sample flow rate, sampling probe dimensions, probe 
orientation to exhaust flow, material of probe and sampling line, temperature 
gradient in the sampling line, and dilution processes. Within the current project, 
no separate experimental evaluation has been done of the influence of the 
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design of different parts of the sampling system. Based on the theoretical 
background achieved from the literature, available state of the art equipment 
has been chosen and applied in a manner to reduce the effects of particle 
deposition. Details of the sampling and transport set-ups can be found in the 
following chapter. To increase the understanding of particle losses in pipes that 
occur during exhaust particle number measurements, a Master student project 
including modelling and experimental validation of particle losses due to 
deposition has been done within the current research project [14]. The student 
project report explains the deposition effects of particles in the sampling tubes 
and presents a tool to calculate particle deposition in defined tubes.   
 
The sample probe used in the work presented in PAPER II through PAPER 
V was chosen according to the regulation for particulate measurement for 
certification of heavy-duty vehicles [21]. The probe shall be an open tube facing 
upstream on the exhaust pipe centreline. The sample flow from the exhaust 
pipe to the rotating disc diluter has been approximately 1 l/min during all work. 
For the experimental work performed elsewhere than KTH, standard type 
probes have been used for sampling. EMIR-1 has not performed a separate 
probe evaluation, but rather relied on the well-tested probe types available for 
particulate measurements. 
 
The influence of positioning of the sampling device on number measurements 
has been evaluated by Kawai et al. [22]. For the work performed in the engine 
test cell at KTH, the sampling point has been situated before the silencer 
approximately 2 meters downstream the turbine. During some initial work, the 
sample point was situated only 20 cm behind the turbine. No significant 
difference between these has been found. For the work performed with the 
EMIR-system in the industry, positioning of the sampling point was not a 
prioritized issue. For testing of heavy-duty diesel engines, sampling was either 
performed downstream a constant volume sampler (CVS) or downstream a 
mini-tunnel. For passenger cars test, sampling was done either downstream a 
CVS or directly from the tailpipe of the vehicle. Details of the experimental set-
up used by each company can be found in the Industry report [13].  
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Considering tube length, this is usually a compromise between practical issues 
and the desire to minimise losses in the sampling system. The physical 
delimitations often set the minimum possible tube length, since various 
instruments need to be connected to each other. The longer the tube length, 
the higher are the losses due to diffusion. Therefore, the shortest possible tube 
is recommended. However, it might be wise to use some standard lengths of 
tubing, so that a slight change in tube length does not complicate a comparison 
between different similar studies. Of the same importance as tube length are 
choice of tubing material and the design of the flow path. Conductive materials 
should preferably be chosen for the tubing to minimise losses due to 
electrostatic forces. A smooth inner surface of the tubing is desirable so that 
the flow is not disturbed. Stainless steel pipe is commonly used for particle 
measurements. Polished stainless steel might be to prefer if the gas-phase 
species are of interest, as they might adsorb to a rough surface. If metal tubes 
cannot be used, Tygon is an acceptable substitute. Teflon materials should be 
avoided for aerosol transport [23]. Flow constrictions such as tees, very sharp 
bends and changes from a large to a small diameter should be avoided in the 
flow path, as the losses in these constrictions are difficult to characterize [23]. If 
a sampling system having one of these constrictions must be used, particle 
losses should be experimentally determined over a range of operating 
conditions.  

5.2 Dilution 
Most instruments cannot perform measurements directly from the exhaust flow 
because of too high particle concentrations, pulsating flow, high temperatures, 
and high concentrations of condensing species (e.g. water vapour). Therefore, a 
sample is withdrawn from the exhaust flow and diluted before entering the 
measurement instrument. In some cases, depending on the aim of study, the 
sample is also dried by thermal conditioning before being analysed. This 
chapter deals with the two dilution systems used within the EMIR-1 project, 
namely the rotating disc diluter and the ejector diluter. An evaluation of the 
rotating disc diluter is presented in PAPER I, which is summarized in chapter 
7.1. The rotating disc diluter and the ejector diluter are partial-flow dilution 
systems. The full flow alternative, the CVS, is large and expensive. Several new 
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systems use the concept of partial-flow dilution in order to limit the size and 
price of the equipment, and even maintain dilution ratio irrespective of engine 
load. 
 
As previously mentioned, sampling and dilution affects the physical processes 
in the exhaust aerosol. Varying the dilution conditions may alter the 
nanoparticle concentrations with two orders of magnitude [12]. The dilution 
system chosen for a specific study usually reflects the aim of the study. Some 
systems aim at promoting nucleation, supposedly to sketch a scenario of 
maximum condensable material [25]. Efforts have also been made to find 
dilution systems that simulate real-world dilution, e.g. [26], [27] and [28]. Others 
try to quench all physical processes to enable characterization of the aerosol at 
a given point. The rotating disc diluter is this kind of diluter where 
homogenous and heterogeneous nucleation can be prevented through use of 
hot, rapid dilution.  

5.2.1 The rotating disc diluter 
The following section presents the rotating disc diluter and discusses the 
advantages and drawbacks of this dilution system. Based on a literature review 
and a brief experimental evaluation of two dilution systems, it was decided to 
use the rotating disc diluter for the work of characterising exhaust aerosols that 
was performed by the Ph.D. candidate. Its wide dilution range, technical 
simplicity, small format and that it is portable made it the most interesting 
candidate. It was desired to use a commercially available diluter as opposed to 
designing and building a dilution unit ourselves. Using a slightly modified 
version of an off-the-shelf unit was however considered a good compromise, 
and the rotating disc diluter seemed to be a flexible system. Results from an 
experimental evaluation of the diluter are presented in PAPER I which is 
discussed in chapter 7 of the thesis. A sketch of the diluter can be found in 
Figure 1.  
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Figure 1. The rotating disc diluter model MD-19: By cavities (3) in a rotating disc (2), 

aerosol is transported from the undiluted flow A into a clean gas flow B. Modified 

from [29]. 

The rotating disc diluter is a partial-flow dilution system diluting only a fraction 
of the flow from the emission source (engine). The diluter is manufactured by 
Matter Engineering AG, Switzerland. This fairly new dilution system is named 
MD-19 but is commonly referred to as the rotating disc diluter, in this thesis 
abbreviated RD. This type of diluter has been used within some European 
research projects such as the VERT project [30] and the Particle Measurement 
Programme (PMP) [31], [32]. The RD dilution system is gaining increased 
popularity and has also been used in scientific studies, e.g. [22] and [34]. The 
operating principle of this diluter is shortly described as a rotating disc with 
cavities that transport small volumes of the aerosol into a stream of clean air. 
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The dilution factor is determined by the volume of the cavities, the rotation 
frequency of the disc and the air flow in the dilute gas channel [33]. The system 
is more thoroughly described in the article by Hueglin et al. [35].  
 
The working principle of the dilution system has great influence on the results, 
especially when performing number and size measurements of nanoparticles. 
The RD diluter was developed to prevent homogenous and heterogeneous 
nucleation of volatile organic compounds, sulphuric acids and water by the use 
of a heated system and high dilution ratios. The gas is first diluted and then 
cooled which suppress condensation of volatiles, as their vapour pressure is low 
[36]. As an effect of the dilution in the rotating disc, the particle size 
distribution is kept constant or ‘frozen’. The dilution can be varied between 
1:15 to 1:3000 by varying the rotation frequency and by choosing between discs 
with different number of cavities. In the current research, the extent of dilution 
is denoted by dilution factor, DF. According to the operating instructions of 
the diluter, the dilution factor indicates how many times higher the undiluted 
flow is than the diluted flow. A dilution ratio, DR, of 1:15 corresponds to a 
dilution factor of 15.  
 
The block of the dilution unit, made in stainless steel, and the dilution air can 
be heated by heating resistors to regulated temperatures, adjustable to 80, 120 
or 150 °C [33]. Within EMIR-1, the dilution temperature has been 150 °C, 
which is the highest possible temperature for this version of the rotating disc 
diluter. It is believed that high dilution at elevated temperature will prevent 
formation of nucleation particles and thus facilitate stable number 
measurements. Hot dilution has been applied both within the ‘Particulates’ 
programme and within the Particle Measurement Programme (PMP). The PMP 
group recommends the initial dilution to be performed at temperatures of 
150 °C or higher [10]. The dilution within EMIR-1 has been varied between 86 
up to 1740 times. The highest possible dilution has been chosen to quench the 
physical process in the aerosol. The dilution was however to be kept low 
enough to keep the concentration within the measurement range of the 
detectors, and the rotation frequency of the diluter within the operating range 
of the dilution unit.  
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Diffusion losses take place in the undiluted exhaust sample tube as well as in 
the tube with diluted gas from the rotating disc to the detectors. In the 
undiluted part, the losses depend on the flow to the in-system peristaltic pump 
(default value 1 l/min) and the length of the tube (chosen by the operator). The 
losses in the diluted part are dependent on the length of the tube to the sensors, 
as well as on the flow sucked by the sensors. Matter Engineering AG [33] states 
losses of approximately 25 % for 10 nm particles when using the standard set-
up with 3 m tube length from the rotating disc unit to the control unit and 1 m 
tube from the control unit to the sensors.  
 
The rotating unit (dilution head) can be used without some of the accessories 
such as the internal pump and some of the tubing. The provided sampling line 
can also be easily replaced, see PAPER I. Before relying on the dilution 
characteristics of the dilution unit, it had to be shown that it does not affect the 
size distribution of the aerosol. This was the intention of the study presented in 
PAPER VII which was done at the beginning of the project. The study served 
its purpose, but the paper was not published as the calibration of the two 
CPC’s used was not very convincing. At the end of the project, the study has 
been repeated with new, better and calibrated counters. This evaluation of the 
rotating disc diluter is published in PAPER I. During the project, the rotating 
disc diluter has proved to give sufficiently reproducible and representative data. 
There is however some concern about the calibration and the determination of 
the dilution factor which is discussed in chapter 7.1. Contamination of the 
cavities needs to be considered when working with concentrated aerosols such 
as vehicle exhaust. 

5.2.2 The ejector diluter 
For engine and vehicle tests performed in the industry, ejector diluters have 
been used. Here, different demands of robustness, ease of use and possibility to 
evaporate the hydrocarbons were stated. It was intended that this diluter should 
work as a secondary diluter when sampling the exhaust downstream a CVS. It 
was also desired that the dilution system could work as primary and only diluter 
when sampling directly from the tailpipe. Based on an experimental evaluation 
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in 2004, the ejector diluter was found to be the most appropriate diluter for 
engine tests in the Industry. The evaluation report is appended to the project 
Industry report [13]. This diluter evaluation included three dilution concepts; 
the rotating disc diluter, a system combining two ejector diluters and a porous 
tube dilution system. A basic understanding of these dilution concepts can be 
achieved by reading the licentiate thesis by the Ph.D. candidate [15].  
 
In the ejector diluter, see Figure 2, clean compressed air enters the first section 
of the diluter, called the ejector cavity, and is forced to flow tightly around a 
nozzle. Due to the high flow rate of the compressed air, a pressure drop arises 
over the nozzle, and the undiluted sample is pulled into the diluter. The sample 
mixes with the dilution air first in the ejector cavity and continues further down 
the ejector into the mixing chamber, thus resulting in a homogeneous dilution 
of gases and particles. The ejector manufacturer Dekati Ltd remarks that this 
dilution system makes it possible to measure particles from high 
concentrations, high temperatures, from humid conditions and over long 
periods of time.  
 

 

Figure 2. Ejector dilution [29].  

The nominal sample flow rate of the Dekati ejector is 6 l/min and the nominal 
dilution ratio is 1:8, but can be varied in a relatively narrow range, typically 1:5 
to 1:10 by varying the dilution air pressure. Higher dilution ratios can be 
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obtained by using several ejectors in series. The ejector diluter can be used as a 
secondary diluter, e.g. [37], or as primary and only diluter, e.g. [38] and [39]. 
Problems with liquid condensation in the orifice can be experienced when not 
heating the diluter and the dilution air [39]. With heating to 120 °C, the 
condensing problem was resolved. In the ejector manufactured by Dekati, both 
the diluter and the dilution air can be heated to up to 450 °C to prevent such 
problems. During the round-robin tests within EMIR-1, the first ejector has 
been heated to 350 °C which according to a diluter evaluation was enough to 
perform repeatable total particle number concentration measurements [13].  
 
The diluter evaluation within EMIR-1 included number and size distribution 
measurements of particles by use of a Scanning Mobility Particle Sizer (SMPS). 
Two different types of experimental evaluations were performed. The first part 
was done on a carbonaceous test aerosol, produced by an aerosol generator in 
the laboratory. The second part was made on exhaust from a diesel passenger 
car running on a cassis dynamometer. The comparison was done with emphasis 
on stability, ease of handling and to what extent the different systems could 
burn off the volatile fraction of the aerosol. Both the laboratory and the engine 
tests showed that the ejector combination was the diluter most suitable for the 
upcoming measurement campaign. In short, the evaluation showed that the 
porous probe did not produce stable nucleation mode particle levels. This was 
possibly due to the short residence time. The rotating disc diluter showed 
discrepancy between the measured dilution and calibration data from the 
manufacturer. Also, some modifications seemed to be needed in order to 
reduce the losses and enable continuous testing. The ejector diluter was 
considered simple and robust with a large operating temperature range, up to 
500 °C, which was desired in the Industry engine tests. 
 
Based on the evaluation, the dilution section of the EMIR-system was designed 
to include one or more ejectors in series. The number of ejectors needed is 
dependent on the desired dilution ratio, which in turn depends on for example 
the engine, the engine load and the eventual use of primary dilution. The 
ejector-combination has been used as primary and only diluter as well as 
secondary dilution system downstream a CVS depending on focus of the 
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experimental work. The first ejector should be heated to 350 °C in order to 
prevent new particle formation from gaseous material. The EMIR dilution 
system was put together using Dekati ejectors and various auxiliary equipment 
such as heating jacket, pump, tubing, tube connections and more.  
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Figure 3 Photograph of the dilution part of the EMIR-system including one ejector 

diluter in heating jacket (1) with temperature regulator (2) and HEPA-filter (3) for the 

dilution air and one unheated ejector diluter (4).  

Based on the experiences from engine and vehicle testing at several companies, 
the system is considered easy to assemble and operate. The dilution system 
enables robust number measurements with good repeatability between tests. 
The ejector set-up produces sample flow enough to use several detectors, 
which is an advantage compared with the rotating disc diluter that only 
produces a maximum of 5 l/min. The volatile fraction can be efficiently 
removed by use of a first heated ejector. During the diluter evaluation, a 
relation between the residence time and the efficiency to burn off volatiles was 
found. The ejector system having the longest residence time was the most 
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efficient system, the porous system the least efficient and the rotating disc 
diluter in between the two others.  

5.3 Thermal conditioning  
An aerosol contains both solid and volatile particles. Particle drying by use of a 
thermal conditioner is a common way to either study the volatility of the 
particles or to measure particles without the volatile fraction of the aerosol 
present. The volatility of particles can be studied by varying the temperature, as 
different fractions of volatile material evaporate at different temperatures. 
Most, but not all, organic components evaporate at about 300 °C. Soot burns at 
about 600-700 °C. It has been shown that particles smaller than 100 nm in the 
exhaust of diesel engines with particle traps to a large extent are composed by 
volatile matter of which a major fraction was sulphur related [40]. Observations 
also indicate that nucleation mode particles are mainly composed by volatile 
material as they are completely removed if thermodenuders are used at 
sufficiently high temperature, e.g. [24]. In these and many similar studies, the 
thermal conditioner is used to evaporate as much as possible of the volatile 
material, thus only focusing the measurements on the solid cores of the 
particles. Sampling and dilution is then simplified, as no concern has to be 
taken to prevent nucleation. Characterization can then only be done on the 
remaining ‘solid’ fraction of the particles. This approach is often used within 
engine development work, where focus is mainly on primary particle formation. 
When using a thermal conditioner to study only the solid fraction, it is 
important to consider the fact that the definition of ‘all volatile material’ is not 
absolute.  
 
There are several different equipments for thermal conditioning. The most 
common one is the thermodenuder, also called thermodesorber, which includes 
a heated section followed by an absorbent. Leaving out the absorbent and only 
using a heated section of tubing is a way to decrease the volatile fraction with 
lower losses of particles. Catalytic stripping and hot dilution are other methods 
to eliminate volatile components from a gas stream.  
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5.3.1 Design of heaters 
Within the EMIR-1 project, a heated section of tubing without any absorbent 
has been used instead of the commonly used thermodenuder. This heated 
section is often referred to as ‘oven’ or ‘heater’. The main reason for using a 
heater instead of a thermodenuder is that the commercially available 
thermodenuders are optimised for fairly high flows (10 to 20 l/min for the 
Dekati version). In the present research activities flow rates varied between 1 
and 5 l/min, which would have given significant losses of particles in the 
commercially available systems according to the evaluation by Dekati [41]. The 
intention is that when heating is applied after dilution of the exhaust, the 
vapour pressure of the volatilised material will be low and material will 
therefore not nucleate or condense back on the more solid fraction. The three 
heaters used in EMIR-1 are described in this chapter, whereas results from 
evaluation of the heaters are presented in chapter 7.2 of this thesis.  
 
Within EMIR-1, heaters have been used inside the v-TDMA instrument or 
before a stand-alone CPC. In the v-TDMA instrument, the heater is placed 
between the first and the second Differential Mobility Analyzer (DMA) to drive 
off volatile material in the particles. Heating is a common way to either 
investigate the volatility of the exhaust particles or to study the aerosol without 
the volatile fraction present. Both these approaches have been used in the 
current research. For studies of the volatility of the particles, different 
temperatures can be set. In the third heater, the temperature range is from 
ambient temperature up to a peak temperature of approximately 450 °C, 
somewhat dependent on flow rate. When only the solid fraction has been of 
interest, the heater has been kept at a temperature of 350 °C. The temperature 
of 350 °C was chosen based on the results of an initial evaluation of the 
influence of temperature [13]. This study showed that a main part of the 
volatile fraction was evaporated at 300 °C and that an increase to 400 °C did 
not result in any further evaporation of volatiles [13]. 
 
Two different heaters have been used inside the v-TDMA during the work 
done by the Ph.D. candidate. The first heater was used inside the v-TDMA 
during the study presented in PAPER II, whereas the second heater was used 
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in PAPER III, PAPER IV and PAPER V. The third similar heater has been 
used as stand-alone device upstream a CPC to evaporate the volatile material 
during total number concentration measurements, which are presented in 
PAPER IV and PAPER V. The third heater was also used for the evaluation 
of diluters performed in the industrial part of EMIR-1 [13]. Table 1 gives a 
description of the heaters.  

Table 1 Description of the heaters 

Heater 1 Heater 2 Heater 3
outer diameter [mm] 6.35 6.0 6.0
wall thickness [mm] 1,0 0.9 0.9
length [m] 0.30 0.36 0.42
flow rate' [l/min] 4,8 1,5 1,0
residence time" [s] 0,049 0,200 0,350
pipe material stainless steel Inconel Inconel
type of heating heating wire current in pipe current in pipe
max peak temperatureª [°C] approx. 350 approx. 450 approx. 640
built-in* / stand-alone MADAM HAVANNA stand alone
 ' = example of flow rate from recent study
" = residence time at flow rate stated above
ª = the maximum temperature is flow rate dependent 
* = the name of the instrument rack for built-in heaters  
 
From Table 1 it can be seen that the heaters are similar in design with only 
minor differences in dimensions. The main improvement was done between 
the first and second heaters in exchanging the heating procedure and increasing 
the residence time. Heater 2 and 3 uses current directly applied to the pipe to 
heat both the pipe itself and the fluid inside. This principle gives more efficient 
heating than using a 250 W heating wire wrapped on the outside of the pipe 
which was used for the first heater. The new heating procedure together with 
extending the length of the insulated pipe increased the maximum possible 
temperature from approximately 350 °C for the first heater to 450 °C and 
640 °C for the following ones. The temperature variations inside the fluid as a 
function of the position in the direction of the flow have been determined for 
each of the heaters. This temperature evaluation is reported in chapter 7.2 of 
this thesis. The second and third heaters were built using the material Inconel, 
as preliminary tests showed that when heating stainless steel tubing above 
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400 °C, particles were occasionally generated from the tube material. Inconel is 
made from a nickel-chromium alloy with good oxidation resistance at high 
temperatures and the material is often used in furnace components. 
Electrostatic deposition might be an issue when applying direct voltage to the 
pipe. Deposition due to electrophoresis is a result of charged particles 
depositing on the walls of charged materials. These losses can be reduced by 
keeping the heaters electrically insulated from the rest of the system so that no 
electric field can be established. Insulation is currently obtained by using either 
gaskets or short tubes made of Teflon. The complete v-TDMA instrument 
should be electrically insulated in order to avoid disturbances from small 
differences in voltage between the units of the instrument.   
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6 Specification of Measurement Set-ups 
The EMIR-1 project has to a large extent dealt with development of 
measurement set-up for exhaust particles and testing of the instruments on 
engine and vehicle exhaust. This chapter describes the details of the 
experimental equipment used within the EMIR-1 project.  
 
Two measurements set-ups have been used for particle number measurements: 
one for size distributed number measurements and one set-up for registration 
of total number concentrations as a function of time. Both instrumental set-ups 
use Condensation Particle Counters (CPC) to detect the number of particles. 
To register number size distributions, bipolar charging and particle size 
classification based on the particles' electrical mobility in a Differential Mobility 
Analyzer (DMA) has been used. A description of the CPC and the DMA as 
well as explanation of the general principles used in these instruments can be 
found in the appendix of this thesis.   

6.1 Size distributed number measurements  
The number of particles in an aerosol can be determined by using electrical 
mobility instruments. By combining different principles for selecting and 
detecting particles a variety of instruments for particle measurements has been 
developed and exists on the market. Within EMIR-1, a volatility tandem 
differential mobility analyser (v-TDMA) has been developed to perform size 
distributed number measurements. The v-TDMA is based on the principles 
used in the Differential Mobility Particle Spectrometer (DMPS), which is the 
most commonly used instrument that sorts the particles by their electrical 
mobility. Knowledge of the DMPS and its capabilities and drawbacks gives a 
better understanding for the v-TDMA used in the EMIR-1 project. The DMPS 
is described in the appendix of this thesis.  

6.1.1 Volatility Tandem Differential Mobility Analyser 
(v-TDMA) 

Within the Ph.D. work of EMIR-1, characterization of the nucleation mode 
particles with a diameter smaller than 20 nm was of interest. Also, it was desired 
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to study the variations in volatility between exhaust particles generated using 
different engines, aftertreatment devices, fuels and engine conditions. The v-
TDMA instrument includes two DMA, two CPC and a heater. Similar 
instruments have been used for study of nanoparticle composition, mixing 
characteristics and volatility, e.g. [42], [43] and [44]. Two different versions of v-
TDMA’s have been used within EMIR-1. The first version v-TDMA was used 
in the study of PAPER II and the second version was used in the work 
presented in PAPER III, PAPER IV and PAPER V. The first v-TDMA 
instrument, referred to as MADAM, was borrowed from the Institute of 
Applied Environmental Research (ITM), Stockholm University. This 
instrument included CPC’s from TSI model 3010 and was thus only capable of 
detecting particles with a diameter above 10 nm. Registration of particle down 
to 3 nm was desired to be able to characterize the complete nucleation mode. 
The heater inside the first instrument was also considered to need some 
improvements as it had a short residence time and a maximum peak 
temperature of 350 °C. Therefore, a second v-TDMA instrument, called 
HAVANNA, was developed and used within the EMIR-1 project. Separate 
instrument units were purchased or built within the project. The Air Pollution 
Laboratory team at the Institute of Applied Environmental Research (ITM), 
Stockholm University put the measurement system together and developed a 
software for data reduction.  
 
A CPC as a stand-alone instrument gives only the total number of particles 
without any size classification, whereas results from instruments containing a 
DMA give size information in different ways. The DMA and CPC included in 
the v-TDMA set-up can be used in either tandem mode or parallel mode. 
Figure 4 illustrates the different flow patterns of the two modes. Changing the 
mode is done by switching two T-valves and using different software programs. 
The software program accounts for the differences in sample flows between 
the two different modes. In short, the tandem mode gives the size dependent 
volatility of the particles. When using the parallel mode, the size distributions 
for the unheated and heated aerosol respectively are obtained simultaneously. 
The instrument works as two DMPS systems in parallel. The parallel mode thus 
can depict the aerosol with and without the volatile fraction present, but does 
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not give information of the volatility of each particle size fraction. Within the 
current research project, most tests have been performed using the parallel 
mode; see PAPER III and PAPER IV. The tandem mode has been used for 
the experimental work presented in PAPER II and PAPER V.  
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Figure 4 Schematic of the flow pattern of the v-TDMA in tandem mode (left) and 

parallel mode (right).  

In the tandem mode of the v-TDMA, the thermal stability of the particles can 
be studied by use of a first DMA followed by a heated section and a second 
DMA. Each DMA is followed by a condensation particle counter (CPC) to 
detect the particles. The current set-up include two custom built DMA [45]. 
These systems use a closed loop sheath air circulation [46]. The sample aerosol 
passes a radioactive source to yield charge equilibrium on the aerosol before 
entering the DMA. The radioactive source in the present charger is 63Ni. This 
nickel isotope is a solid electroplated film, which is easier to handle than the 
commonly used 85Kr that is a gas. Also, the half-life of 63Ni is considerably 
longer; 100 years compared to 10 years for 85Kr. Both radioactive sources are 
Beta emitters. For each specific voltage applied in the DMA, only particles with 
a specified mobility is allowed to pass through, thus producing an aerosol of 
only one electrical mobility that is monodisperse in size. The number of these 
particles is counted in the first CPC. By use of a T-shaped flow splitter, the 
remaining part of this monodisperse aerosol is led through the heated section 
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and into the second DMA. The second DMA steps through all smaller sizes 
compared to the one selected by the first DMA. The second CPC then counts 
the number of particles to see in what size range the heated particles appear. By 
using this procedure, the thermal properties of each size selected by the first 
DMA can be studied. Figure 5 shows an example of the results obtained with 
the tandem mode of the v-TDMA. A Volvo heavy-duty diesel truck was run at 
idle engine conditions on a chassis dynamometer. The fuel used was a diesel 
according to European standards of year 1991 with a sulphur content of 
280 ppm. Further details about this study can be found in PAPER II appended 
to this thesis.  
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Figure 5 Example of result from the v-TDMA working in tandem mode.  

Figure 5 shows the size distribution of the unheated aerosol (thick solid line) 
that has been registered by use of the first DMA and CPC. Two size 
distributions from the second DMA and CPC are also shown. The open circles 
show data from when the first DMA selects particles with a diameter of 31 nm. 
After being heated to 350ºC, these particles have the size distribution shown by 
the open circles, detected by use of the second DMA and CPC. As can be seen, 
most particles have a diameter of 18 nm. This decrease in size indicates that the 
small particles formed at idle are to a high extent volatile, but not all material 
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was evaporated in the current test. Apart from volatility, the shift to smaller size 
may be explained by a change in morphology. A loosely packed particle may 
change in structure when being heated. If the material of the particle is packed 
more densely, the particle will be detected at a smaller size. The open diamonds 
in Figure 5 illustrates the heated size distribution of particles that had a 
diameter of 127 nm before passing the heater. After the heater, the highest 
peak of the heated size distribution still occurs at 127 nm, as can be seen from 
the open diamonds. Most 127 nm-sized particles are thus unaffected by being 
heated to 350º C. A significantly lower number of the 127 nm-particles occur at 
a diameter of 60 nm after the heater. It should be noted that a logarithmic scale 
has been used in Figure 5, and that the results not have been normalised. To 
facilitate comparison, the data measured after the heater can be normalised with 
respect to the concentration of that specific particle size before heating the 
aerosol. When using this normalisation, the smaller mode of the bimodal curve 
for particles having an original diameter of 127 nm is significantly less 
pronounced. A similar procedure has been used for the analysis presented in 
PAPER II.  
 
By varying the voltage over the DMA, aerosols containing particles with 
different diameters can be obtained. The number of different voltages (and 
thereby the number of size bins), the order in which they are selected and the 
time on each voltage can be set by using the custom made Labview based 
software. To obtain appropriate count statistics, a minimum time of 8 seconds 
on each voltage has been applied. 24 different size bins have been used for each 
of the DMA in the preliminary studies. As the first DMA continues to select 
particles with a specific size, the second DMA is continuously stepping through 
every other of the smaller sizes. A complete run of the v-TDMA may include 
156 combinations of size bins. With a minimum of 8 seconds on each voltage, 
the total scan time adds up to somewhat more than 20 minutes. During this 
time, the aerosol source (e.g. engine) and all settings (e.g. dilution, heater 
temperature etc.) need to be stable. Using a smaller number of size bins and/or 
reducing the time on each voltage can significantly reduce this total scan time.  
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When using the parallel mode, a T-shaped flow split is used immediately after 
the charger so that two parallel flow lines appear, see illustration in Figure 4. In 
the parallel mode, the two DMA simultaneously select the same size. The total 
scan time in the parallel mode is thus significantly shorter, as each size bin is 
only chosen once in each DMA. In this mode, the size distributions of the 
unheated and heated aerosol respectively can be depicted. The thermal stability 
of each particle size can however not be studied. The two flow lines are similar 
except for the heated section in the second line. Besides heating the aerosol 
(and thus possibly reducing the number of particles), this may induce losses due 
to thermophoretic effects. The longer flow path may also give diffusion losses. 
Figure 6 shows an example from results obtained with the parallel mode of the 
v-TDMA when the oven was set to 350°C. Figure 6 comes from PAPER IV 
where a heavy-duty diesel engine was run at 1220 rpm and 100 % load. Swedish 
Class 3 diesel fuel was used containing 400 ppm sulphur.  
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Figure 6 Example of result from the v-TDMA working in parallel mode.  

Figure 6 shows that a large amount of the nucleation mode particles having a 
diameter smaller than 50 nm can be volatilized by use of the heater at 350 °C in 
the v-TDMA instrument. The reduction in particle number is possibly due to 
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that these small particles are at least partly volatile and some material thus 
evaporates when the aerosol is heated. The reduction in number of especially 
the nucleation mode particles could also be explained by larger losses for small 
particles compared to larger ones. Comparison of the number size distributions 
logged by the DMA and CPC without a heater and the DMA and CPC situated 
downstream the heater has been done when the heater was switched off. The 
results can be seen in Figure 7.  
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Figure 7 Two unheated particle size distributions at 1880 rpm and 1100 Nm using 

EC 1 fuel at a dilution of 386 times.  

Figure 7 shows number size distributions measured at 1880 rpm and 1100 Nm 
using a Swedish Environmental Class 1 fuel (EC 1) at a dilution of 386 times 
where the heater has been switched off during the test. The differences in 
particle number between the two curves thus arise from losses due to e.g. the 
longer transfer line trough the heater. Unfortunately, such background 
correction measurements have only been done at high dilution (386 times) and 
for the 75 % engine load case where the nucleation mode is not prominent.  
Repeating the study with the heater turned off for the engine conditions 
pictured in Figure 6 with a distinguished nucleation mode would have been 
beneficiary for the understanding of particle losses inside the v-TDMA 
instrument. Figure 7 indicates losses for the smallest and the largest particles 
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sizes, whereas the number of medium sized particles increases. The increase 
may be due to growth of the nanoparticles into the accumulation mode.  
 
As shown in Figure 6, heating is effective in reducing the number of nucleation 
mode particles. From the data obtained in the parallel mode, it is however not 
possible to see at what size a specific original particle ends up after being 
heated. The number of particles with a diameter smaller than 50 nm has been 
reduced, but we cannot say if they are totally evaporated or if they remain as 
particles with a smaller diameter. We can neither tell if the remaining peak 
below 10 nm is initially small sized particles that resisted evaporation nor if 
these small particles arose as a consequence of heating larger particles. To 
obtain this kind of size related information, the tandem mode of the v-TDMA 
is needed. Based on the experiences from PAPER IV, it is believed that the 
high peak for 10 nm sized particles in Figure 6 occur from re-nucleation of 
small particles from the gas phase after the heater, as a consequence of the high 
fuel sulphur content.  
 
6.1.1.1 DMA design and specification 
The in-house developed v-TDMA instrument can select particles having a 
mobility diameter smaller than 180 nm. The higher size limit is set by the DMA, 
whereas the lower size limit is set by the cut-off of the counters. The size 
selected by the DMA is restricted by the geometry and the flows of the DMA 
and the high voltage applied. The equations for these calculations are given in 
the appendix of this thesis. Figure 8 shows a schematic of the DMA including 
nomenclature. The flows and the dimensions of the two DMA can be seen in 
Table 2. The high voltage source can apply a maximum of 12500 V. In short, 
the working principle of the DMA implies that an iterative procedure is needed 
to calculate the particle size that is selected when a specific voltage is set. 
During evaluation work of experimental data presented in PAPER II, the 
iteration was done in Microsoft Excel by use of the equations stated in the 
appendix. Although the initial guess of particle diameter was close to the final 
one, the calculations were time consuming due to the high number of loops 
needed to complete the iteration. When developing the v-TDMA instrument, 
the iteration process was included in the newly developed software. For the 
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results presented in PAPER III, PAPER IV and PAPER V, the in-house 
devolved software of the v-TDMA instrument was used to perform the 
calculations of the particle size corresponding to each set voltage.  
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Figure 8 Schematic of a DMA including nomenclature.  

Table 2 Specification of the two DMA of the v-TDMA instrument.  

r1 [cm] r2 [cm] L [cm] Qsh [l/min] Qs [l/min]
DMA 1 5.0 6.65 11.0 18.78 1.5 or 3.0*
DMA 2 5.0 6.65 11.0 10.56 1.5
* = 1.5 in parallel mode and 3.0 in tandem mode  
 
6.1.1.2 CPC specification 
The condensation particle counters (CPC) used in the in-house developed 
v-TDMA are TSI model 3025. The nominal cut-off of these counters is 3 nm, 
meaning that the counting efficiency is 50 % for particles with a diameter of 
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3 nm. The cut-off curve is steep and only somewhat larger particles are 
detected with high efficiency, as can be seen from Figure 9. The 3025 can be 
operated at concentrations up to 107 particles per cubic centimetre. The model 
3025 is a sensitive instrument where small variations in temperature and 
pressure might give flow control problems. At high flow mode, the pump of 
the 3025 pulls 1.5 l/min through the instrument but only 0.03 l/min is taken to 
the detector. A slight discrepancy of the flow taken to the detector, which is 
internally determined and measured, will have a strong effect on the results. 
Also, low count statistic errors might occur due to the wide concentration 
range. Today, the most commonly used CPC in engine exhaust emission 
measurements is the TSI model 3010. The 3010 has a nominal cut-off of 10 nm 
and can be operated at a maximum concentration of 10000 particles per cubic 
centimetre. The 3010 is considered a more robust instrument than the 3025, 
and it is extensively used for both aerosol research and engine testing. To 
obtain this robustness, compromises have to be done in respect to size and 
concentration range.  

 

Figure 9 Cut-off curves of some common CPC models [47].  
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6.2 Total number concentration measurements 
Total number concentration measurements have been performed both at 
University and at the industrial partners with similar experimental set-ups. Total 
number concentration was chosen as opposed to size distributed measurements 
to adapt the measuring method to the needs of the Industry. It was desired that 
the method should preferably  

- measure in real time for both steady-state and transients. 

- work appropriately both before and after a particle trap where the 
concentrations are significantly different.  

- be applicable on both gasoline and diesel engines. 

- be applicable on both light-duty and heavy-duty engines.  

- be adapted to the requirements of future low emitting engines.  

The total particle number concentration can be determined by use of a CPC as 
a stand-alone instrument. This simplifies both the measurement procedure and 
the interpretation of results. Size related information about the particles is 
however lost when excluding the DMA from the set-up.  

6.2.1 Stand-alone CPC 
A condensation particle counter (CPC) was used to determine the total number 
concentration of particles in the diluted exhaust. The stand-alone CPC is a TSI 
model 3010. For reasons explained in section 6.1.1.2, such as robustness, flow 
stability, price and more, the model 3010 is regarded more suitable for the 
current purpose than the model 3025 that is used in the v-TDMA instrument. 
Proper dilution and conditioning must however be performed in order to 
decrease the total number concentration to the range of the model 3010 
(maximum 104 particles per cubic centimetre). The CPC model 3010 has a 
nominal cut-off of 10 nm (counting efficiency below 50 % for particles with 
diameter below 10 nm). The measurement range covers particle sizes up to 
3 μm. Particles larger than 1 μm are however practically insignificant by number 
in regard to normal vehicle exhaust.  
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It is believed that the total number of particles within a size fraction may be an 
interesting parameter in future engine research. The number of particles in a 
specific size range may be obtained by comparing results from two different 
CPC with different low-side cut-off. The low-side cut-off of a CPC can be 
changed by temperature control, as this alters the supersaturation conditions of 
butanol in the instrument. Comparison of measurements with different cut-off 
has been done within EMIR-1 [13], which is discussed in chapter 7.4. When 
comparing the EMIR-system with the measurement set-up following the 
protocol of the Particle Measurement Programme (PMP) [10], the major 
difference is in the cut-off of the CPC: 10 nm for the EMIR-system and 23 nm 
for PMP. Since the EMIR-system includes particles in a wider size range, a 
higher dilution will be demanded to keep the data within the concentration 
range of the particle counter.  

6.2.2 Conditioning 
Depending on the dilution applied, extra conditioning of the aerosol might be 
needed before total number concentration measurements. A heater, sometimes 
called evaporation tube (ET), can then be applied after dilution but before the 
counter so that volatile components evaporate and nucleation of gaseous 
species is prevented. The stand-alone heater that has been used within EMIR-1 
was described in chapter 5.3. The use of an evaporation tube before number 
measurements is recommended by the PMP group [10] and the design of the 
EMIR-1 heater agrees to a large extent with the specification made by PMP. 
 
When dilution has been performed with the rotating disc diluter, the ET has 
been used to evaporate the volatile fraction of the aerosol after dilution. The 
ET has been held at the same temperature as the heater inside the v-TDMA 
instrument, to facilitate comparison of total number concentration results with 
size distributed results. The evaporation tube has also been used during the 
experimental evaluation of diluters [13]. 
 
Experimental work performed in the industry was focused on the non-volatile 
fraction of the aerosol. Here, dilution is performed using the EMIR-system 
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with ejector diluter in series. The first ejector heated to 350 °C will prevent new 
particle formation from gaseous material and to some extent drive off the 
volatile fraction of the aerosol already present. Thus, no further conditioning is 
needed. Re-condensation of the particle precursors can be avoided, as high 
dilution is done at elevated temperature before cooling the sample.  

6.3 Test procedure  
Study of size distributed particle characteristics using the v-TDMA instrument 
has been done under steady-state engine conditions. The time-consuming 
measuring procedure of the v-TDMA does not allow transient engine tests. 
Tests have been performed on vehicles on chassis dynamometer, PAPER II, 
and on engines in engine test bench facilities, PAPER III, PAPER IV and 
PAPER V. The main part of the experimental work performed by the Ph.D. 
candidate has been done on a Scania DSC12 diesel engine, which agrees with 
the Euro III emission standard. The measurement protocol for each engine test 
includes not only emission related information. Several engine parameters are 
also registered and analysed, as well as parameters related to the sampling and 
dilution set-up. Most parameters are logged continuously each second during 
the complete test.  
 
For the experimental work performed by the Industry, the test procedure has 
been individual for each company but all partners have used the same 
experimental set-up. The procedure as well as the results is described in the 
Industry report [13]. Sources have varied between heavy-duty diesel engines, 
diesel passenger cars as well as gasoline and compressed natural gas (CNG) 
fuelled spark ignited passenger cars.  

6.4 Fuels and lubricating oil  
Particle emissions have been examined using fuels with different compositions. 
Fuel properties known to be of importance with respect to particle emissions 
include sulphur concentration and content of aromatic compounds [8]. In 
PAPER II and PAPER IV, two fuels were used: Swedish Environmental 
Class 1 diesel fuel (EC 1) and a diesel fuel meeting the European standards 
from 1991 which were the same as the Swedish Environmental Class 3 of year 
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1991. This EC 3 fuel has a higher sulphur and aromatic content than the EC 1 
fuel. An analysis of the fuels is included in the papers. The two fuels also have 
significantly different final boiling point: 294 °C for EC 1 compared to 360 °C 
or higher for EC 3. The particulate emissions formed with the different fuels 
can therefore be assumed to have different characteristics with respect to 
volatility and composition.  
 
The engine lubricating oil might influence the particulate emissions. For the 
majority of the tests performed within EMIR-1, standard mineral based 
lubricating oil (SAE 15W 40) has been used where the sulphur content of the 
base oil is maximum 1 %.  
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7 Experimental studies  
This chapter summarizes and discusses some of the main research activities 
within EMIR-1. The work is further described in the appended papers, the 
related publications listed in the beginning of this thesis as well as in the report 
from the industrial part of EMIR-1 [13].   

7.1 Evaluation of the rotating disc diluter 
The choice of dilution system and the dilution procedure has a major influence 
on the final results, especially when measuring particle number and/or size. 
The partial flow dilution system called the rotating disc (RD) diluter was 
believed to be the system most suitable for the work of characterising exhaust 
particles. The decision to use this diluter was based upon results from the 
literature study, PAPER VI, and a brief experimental evaluation of two 
different dilution systems. At the beginning of the EMIR-1 project, the RD 
diluter was characterised to test its performance. Results from the laboratory 
work using a salt aerosol was presented in PAPER VII, which has not been 
published due to uncertainties in the calibration of the particle counters. The 
study in PAPER VII showed that more studies are needed to understand the 
operation of the rotating disc diluter, and to understand why the observed 
dilution differs both from the dilution stated by the manufacturer and the ideal 
(calculated) dilution performance. The experimental work showed that a 
significant improvement in dilution performance is reached if some 
modifications are made to the equipment (e.g. shortening and exchanging 
tubing), but there is still a discrepancy to be understood. In short, the study 
served its purpose of describing the characteristics of this dilution unit and 
enhancing the level of knowledge on this dilution concept. The work also 
pointed out the hardships of number measurements which may arise already 
under relatively controlled conditions in a laboratory.  
 
At the end of the EMIR-1 project, the laboratory study with salt aerosol was 
repeated with new, better and calibrated counters. This evaluation of the 
rotating disc diluter is reported in PAPER I. This type of partial flow dilution 
system is gaining increased popularity, and it is often used to dilute combustion 
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exhaust for measuring purposes. This dilution concept has also been proposed 
for the future emission standard for light duty vehicles [10]. Therefore, the 
characteristic of the dilution unit is considered to be of interest to the aerosol 
community and so far no other independent study of the RD diluter has been 
published.  
 
In the laboratory study, particle number concentrations before and after 
dilution were measured and the dilution ratio were determined. One DMA and 
two CPC’s were used. Particles of five different size classes were tested, having 
a diameter of 10, 27, 53, 74 and 203 nm. The observed dilution was compared 
with theoretical calculations and with the calibration from the manufacturer. 
The tests were performed using an ammonium sulphate aerosol as test aerosol. 
Graphs were produced showing the dilution ratio as a function of 
potentiometer setting of the dilution unit, which relates to the rotation 
frequency of the disc.  
 
The study showed similar dilution performance for larger sized particles (53, 74 
and 203 nm), whereas smaller particles showed higher dilution. The differences 
arise as smaller particles experience larger losses. Comparison of the measured 
dilution and the one stated by the manufacturer for particles with a diameter of 
91 nm showed that the lines fitted to observations have steeper slope than the 
calibration curve given by the manufacturer. This means that the observations 
show a lower dilution than the one stated by Matter Engineering. This was true 
for all tested particle sizes including also the smallest particles with a diameter 
of 10 nm. One of the reasons is that the calibration data given by Matter 
Engineering is not only a characteristic of the rotating disc, but includes losses 
of the whole system, e.g. in the provided sample line and internal PVC tubes of 
the dilution unit. During our observations, a short stain-less steel pipe replaced 
the sample line between the dilution unit and the control unit as well as the 
provided PVC tubing inside the control unit to minimize losses. The observed 
data was also compared with a theoretical value of the dilution calculated from 
the number and volume of the cavities, the sample flow rate and the rotation 
frequency. The observations are close to the calculated theoretical dilution 
performance for all tested particle sizes except for the smallest particles with a 
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diameter of 10 nm. The observations for these smallest particles indicate higher 
dilution that the theoretical, which is consistent with the higher losses generally 
experienced for small particles.  
 
During the work within EMIR-1, the RD diluter has shown easy to operate and 
gives fairly stable dilution. Thanks to the design of the dilution unit, where the 
engine exhaust flow never is in connection with the detector flow, the RD 
diluter cannot forward pressure pulsations from the exhaust. This makes the 
RD diluter suitable for sampling directly from the exhaust system without need 
for primary dilution using a CVS. The diluter however produces a maximum of 
5 l/min, which is too little to provide both particle and gas analyser with 
sample. There are also some doubts about the technical solution, as the moving 
parts seem to need some maintenance and/or surveillance during tests. Noise 
and fouling of the disc indicate that periodical disassembly and cleaning is 
needed. The RD diluter is nevertheless one of few dilution concepts that in one 
single dilution step can provide the high dilution needed to quench nucleation 
and condensation processes in the aerosol. Some uncertainties remain however 
to be resolved considering calibration and determination of the dilution factor. 
Determination of the dilution factor by use of gas analyzers is not easily done, 
as the available flow rate is too low, only 5 l/min. The laboratory evaluation 
using specified particle sizes showed that the observed dilution factor may 
differ from the one stated by the manufacturer by up to 40 %, see PAPER I. 
For qualitative studies performed by the same user, these dilution differences 
may not be of great importance. If one on the other hand would like to 
numerically simulate processes where the sample was taken, a 40 % difference 
in dilution can severely affect the outcome of the calculations. Also, when 
absolute particle concentration measurements are of interest it is necessary to 
have proper dilution data. The evaluation also pointed out that the dilution 
performance can be improved by modifications to the device, such as 
shortening of transport line and replacement of the internal pump. To quantify 
the effect of the modifications, it is advisable to perform a user-calibration of 
the diluter.  
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Issues that may affect the dilution, and that have not been taken into account 
by the evaluation work, are the effect of flow differences between the two lines 
in the dilution unit and the influence of temperature. Especially the influence of 
the temperature of the ingoing aerosol (vehicle exhaust) is of great interest. 
From an engine, the temperature of the sampled aerosol is troublesome to 
determine with high time resolution. If the temperature of this partial flow 
severely affects the extent of dilution, great effort has to be done to perform 
accurate temperature measurements of the partial flow prior to dilution.  

7.2 Evaluation of the heaters 
Within the EMIR-1 project, the volatility of the non-solid fraction of the 
particles has been studied by use of heaters. The three different heaters are 
described in section 5.3.1 of this thesis. The first heater was used in the study 
presented in PAPER II, whereas the second heater was used in PAPER III, 
PAPER IV and PAPER V. The third heater is used as stand-alone device for 
the study in PAPER IV and PAPER V. As a part of the experimental work, 
the performance of the heaters has been evaluated. The temperature gradient of 
each heater has been determined at a specified gas flow rate by using a movable 
temperature probe inside the tube during the normal gas flow rate. Examples of 
results of these temperature studies are shown in Figure 10.  
 
The procedure during the heater evaluation followed an approximately similar 
scheme for all heaters. The evaluation was done at one specified gas flow rate 
for each heater, corresponding to the flow rate during exhaust particle 
characterisation for each device. Table 1 in section 5.3.1 shows these typical 
flow rates as well as details about the heaters. The temperature was measured 
by inserting a 40 cm long tube encapsulating a thermocouple in its tip from the 
inlet of the heater. By holding the thermocouple by hand, it could be assured 
that the thermocouple tip did not have contact with the metal wall. The 
temperature in the fluid could thus be measured. Measurements were done at 
several locations starting from the inlet of the tube and continuing through the 
tube and some centimetres behind the heated section. The vertical line in each 
of the graphs of Figure 10 and Figure 11 indicate where the insulated tube 
ends. For the longest heater, measurements could only be done up to 40 cm 
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from the inlet, due to the length of the tube of the encapsulated thermocouple. 
The study was done at several set temperatures for each heater, as can be seen 
from Figure 10 and Figure 11. The ambient temperature did not vary 
significantly between the tests and was approximately 22 °C. The denotation 
‘set’ temperature is used for the temperature chosen by the user by setting the 
MicroMega control unit and ‘displayed’ temperature is used for the temperature 
displayed by this control unit. ‘Observed’ temperature is used to denote the 
measurements done using the encapsulated thermocouple. The curves in Figure 
11 have been normalised with respect to the displayed temperature of the 
heating unit. Equation 1 shows the normalisation. 
 

 [ ]
[ ]K etemperatur displayed
K etemperatur observed etemperatur Normalised =   Equation 1 

 
For the first heater, the temperature sensor is situated close to the heating wire 
that regulates the applied heat. The temperature sensor thus mainly indicates 
the temperature of the wire that heats the pipe that heats the fluid. The sensor 
is less influenced by fluctuations in sample flow rate and temperature, and the 
temperature displayed by the MicroMega control unit has shown to be equal 
with the set temperature on most occasions. For the second and third heater, 
the temperature sensor is attached to the outside of the pipe. Here, current is 
introduced into the pipe itself and the pipe is heated through resistive losses in 
the pipe material. The temperature sensor is warmed up by the pipe in the same 
manner as is the fluid. Figure 10 shows the relations between the observed, 
displayed and set temperatures for the second heater.  
 
From Figure 10 it can be seen that the temperature displayed by the control 
unit seems to agree with the set temperature for set temperatures of 150 °C and 
200 °C. For a set temperature of 300 °C and 600 °C, the displayed temperatures 
are equal at a value considerably lower than the set temperature. A maximum 
value of the displayed temperature seems to occur at 250 °C, whereas the 
observed temperature never goes above 450 °C.  
 

67 



H. Bernemyr 

0

100

200

300

400

500

0 10 20 30 40
Length from heater inlet [cm]

Te
m

pe
ra

tu
re

 [°
C

]

600°C 300°C 200°C 150°C
Observed and displayed temperature at set temperature =

 

Figure 10 Comparison between observed and displayed temperature at four different 

set temperatures for the second heater.  

During the heater evaluation summarized in Figure 11, two measurements have 
been done at each set temperature, one while inserting the probe from the inlet 
to the outlet, and the other while retracting the probe from the outlet to the 
inlet. This procedure has been used to reduce artefacts arising from the thermal 
inertia of the thermocouple. As the thermocouple was held by hand, it was not 
possible to leave the thermocouple more than a few seconds at each location. It 
was therefore not possible to wait until the temperature was proven to be stable 
before the value was noted. The two curves (IN and OUT) in Figure 11A have 
the same shape for both temperatures which indicates that no such instabilities 
were experienced. To increase the readability of the results, the differentiation 
between IN and OUT-measurements has been excluded from the graphs in 
Figure 11B and C, and all data for each temperature have been summarised in 
one line per set temperature.  
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Figure 11 Normalised temperatures as a function of heater length for several 

approximate displayed temperatures for the three heaters. 

69 



H. Bernemyr 

From Figure 11A it can be seen that for Heater 1, the gas flowing inside the 
heated section obtains the displayed temperature after 15 cm, irrespectively of if 
a temperature of 150 or 300 °C is set. The displayed temperature is for all set 
temperatures equal to the set temperature. After another 5 cm, the observed 
temperature overshoots with approximately 5 to 7 %. At the end of the heated 
and insulated tubing (30 cm from the inlet), the fluid has the desired 
temperature but after exiting the insulated tube, the temperature decreases. 
When designing heater 2, the procedure for heating the fluid was improved. 
This resulted in measured peak temperatures well above the displayed 
temperature as could be seen in Figure 10. According to Figure 11B, the 
observed temperature overshoots the displayed already five centimetres from 
the inlet. At the most, the displayed temperature is over ranged with 35 %, just 
before the end of the insulated pipe. The observed temperature over ranges the 
displayed temperature with similar amount for all set temperatures. Without the 
evaluation work, these discrepancies would have been unknown to the user. 
The third heater was considered the most developed one, with the same new 
heating procedure as in the second heater but a longer tube length. The flow is 
also considerably lower in the third heater which adds to the flatter temperature 
profile seen in Figure 11C.  
 
The effect of radiation has not been included in the heater evaluation. It can be 
assumed that if the tube wall is considerably warmer than the fluid, the 
thermocouple could be warmed up through heat radiation from the walls and 
thus indicate a higher temperature than the one of the fluid. Intentional contact 
of the thermocouple with the tube wall during evaluation work shows that the 
temperature difference between the wall and the fluid was not significant. The 
effect of radiation has therefore been neglected in the evaluation work.  
 
In the studies presented in PAPER III, PAPER IV and PAPER V, heat has 
been applied at three levels above ambient temperature. These three 
temperatures are included in the evaluation work. As previously discussed, the 
temperature varies with the position inside the heater. Table 3 shows the peak 
and average temperatures of the heaters. Observed temperatures close to the 
inlet and downstream the end of the insulation has been discarded. The average 

70 



Volatility and number measurement of diesel engine exhaust particles 

temperatures have been calculated including the measurement points shown in 
Figure 11 between 10 cm downstream the inlet and where the insulation of 
each heater ends.  

Table 3 Peak and average temperatures of the heaters at various set temperatures.  

Label used in discussions 100°C 150°C 250°C 350°C
Heater 1 - Built-in MADAM
Set temperature 50°C 150°C  ---* 300°C
    average temperature [°C]  ---* 150  ---* 302
    peak temperature [°C] ---* 167 ---* 331
Heater 2 - Built-in HAVANNA
Set temperature 50°C  ---* 150°C 300°C
    average temperature [°C] 91  ---* 264 401
    peak temperature [°C] 104 ---* 308 458
Heater 3 - Stand-alone
Set temperature 100°C  ---*  ---* 300°C
    average temperature [°C] 113  ---*  ---* 347
    peak temperature [°C] 128 ---* ---* 405
* = no measurements  

From Table 3 it can be seen that for the second and third heaters, the average 
temperature in the fluid differs significantly from the set temperature. For 
discussion of experimental result where the heaters have been used, a rounded 
value close to the average temperature has been used to label the different 
temperature levels. The labels can be seen in the headings of Table 3. The first 
heater has a better agreement between set and average temperature. The 
heating procedure however prevented temperatures above 300 °C to be 
reached. Therefore, the two following heaters were developed in an attempt to 
achieve higher temperatures.  

7.3 Size distributed number measurements and 
volatility study  

Size distributed number measurements and studies of the volatility of the 
exhaust particles are reported in PAPER II, PAPER III, PAPER IV and 
PAPER V. This chapter will present some of the main findings and point out 
some of the issues that add complexity to particle number measurements, thus 
enabling a critical discussion of the work performed within EMIR-1.  
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PAPER II presents results from the first attempt to perform size distributed 
number measurements in vehicle exhaust. The new concept of a rotating disc 
diluter was used to dilute the exhaust sample. This was the first time this 
dilution device was used in Sweden. The paper includes data from using both 
the parallel and the tandem mode of a v-TDMA instrument. The parallel mode 
means that the volatility of the complete aerosol is studied through registration 
of the size distributions before and after heating the total aerosol. The tandem 
mode on the other hand means that only particles in a narrow size range are 
passed though the heater and the size dependent volatility can thus be 
determined. In the study of PAPER II, an early version of the v-TDMA 
instrument was borrowed from Stockholm University and used within the 
EMIR-project.  
 
The experimental study presented in PAPER II was performed on two heavy-
duty vehicles running on chassis dynamometers. The vehicles represented two 
emission certification levels: the emission agreement R49 –20% implied in 
1990, with engines commonly referred to as Euro 0, and the emission 
certification regulations of year 2000, with the engines commonly termed 
Euro 3. Two diesel fuels, labelled Mk 3 and Mk 1, were used with a sulphur 
content of 280 ppm and 3 ppm respectively. Samples were taken downstream 
the silencer after the exhaust had passed through the complete exhaust system 
of the vehicle. The sampling point was located directly before the exhaust 
entered the CVS tunnel. The study showed that large amounts of small particles 
were detected at idle for the Euro 0 engine with both fuels. For the newer 
generation engine, high number of small particles was detected only when using 
the high sulphur fuel. These small particles do not contribute significantly to 
the total mass of particles. By heating the sample to 350 °C in the v-TDMA 
instrument, this study also showed that these smaller particles were mainly 
volatile, whereas larger particles (Dp > 80 nm) contained mainly non-volatile 
material. The findings from the number measurements and volatility study were 
supported by analysis of organic and elemental carbon content from samples 
collected on a quartz filter downstream the CVS. This first study indicated that 
different engine generations possibly generate particles with different character 
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regarding volatility. Continued studies were however desired to better 
understand the influence of the measurement set-up, such as sampling point, 
dilution and conditioning, on the volatility of the exhaust particles.  
 
After exiting the engine cylinder, the exhaust particles undergo various 
processes as nucleation and condensation. Based on the experiences of 
PAPER II, it was assumed that the small sized, volatile particles of that study 
were formed outside the engine cylinder during transport and sampling. From 
the point of view of the engine developers, information about the engine 
emissions before transformation in the exhaust system and eventual full flow 
dilution system is of interest. The work in PAPER III, PAPER IV and 
PAPER V was therefore focused on characterising the engine alone without 
supplementary equipment. It was desired that the measured parameter should 
be a result of the engine combustion and not an artefact from transport, 
sampling, dilution or measurements. Therefore, after finalizing PAPER II, the 
continued work focused on developing the dilution system as well as the v-
TDMA instruments to enable sampling and measurements directly downstream 
the turbine. Issues that have been considered include the dilution range, 
conditioning temperature, concentration range of the detectors and the 
frequency for data registration.  
 
The study presented in PAPER III was the first with the newly developed 
v-TDMA instrument. The parallel mode was used thus giving two separate size 
distributions: one for the unheated and one for the heated aerosol. A heavy-
duty Scania engine equipped with a continuously regenerating trap (CRT) was 
used under steady-state conditions in the engine test cell. The engine was, when 
used on its own without aftertreatment device, certified for emission standard 
Euro III. Tests were done at two different steady-state conditions: high speed / 
medium load and medium speed / high load. A Swedish environmental class 1 
fuel was used. The study showed that the CRT can reduce the number of 
accumulation mode particles with 90 % at high load and up to 99 % at medium 
load. When using the CRT, high numbers of nucleation mode particles were 
measured. These small particles proved to be volatile as they disappeared when 
heated to 350 °C in the v-TDMA instrument. During the study, exhaust 

73 



H. Bernemyr 

samples were taken directly downstream the CRT and conditioned by use of 
the rotating disc diluter. High dilution at the maximum possible temperature 
for the rotating disc diluter (150 °C) was applied to stop condensation and 
nucleation reactions in the aerosol. The influence of dilution was investigated 
by applying dilution at different levels. The number of accumulation mode 
particles was not affected by changes in dilution, whereas increased dilution 
seemed to suppress nanoparticle formation. For the nucleation mode particles, 
changing the dilution from 86 to 386 times decreased the number of particles 
with up to 90%. It should be emphasised that already a dilution of 86 times is 
considered high compared to conventional dilution in a CVS. Nevertheless, a 
fourfold dilution was needed to prevent particle formation from gaseous 
material that re-nucleate after the heater.  
 
PAPER IV presents data from the continued engine research with the 
v-TDMA in parallel mode. The same engine as in PAPER III was used, 
equipped with CRT. The same two steady-state engine conditions were applied: 
high speed / medium load and medium speed / high load. Two different diesel 
fuel qualities were used to evaluate the influence of the fuel sulphur level. It was 
shown that a 400 ppm sulphur fuel generated higher numbers of nucleation 
mode particles than a 3.5 ppm sulphur fuel. The differences for accumulation 
mode particles were negligible. Large amounts of the nucleation mode particles 
formed with the 400 ppm sulphur fuel were present also after heating the 
aerosol to 350 °C regardless of dilution factor, which was not the case for 
equally sized particles formed when using the 3.5 ppm sulphur fuel. Various 
levels of dilution was applied, again showing that the higher dilution, 386 times 
compared to 86 times, reduces the number of small particles as particle 
formation was partly suppressed. The fuel comparison however indicated that 
with high sulphur content in the fuel, not even a dilution of 386 times was 
enough to fully prevent nucleation mode particle formation. With the 400 ppm 
sulphur fuel, a significant number of nanoparticles were still detectable after 
heating the aerosol to 350 °C. It can be assumed that these nanoparticles either 
have re-nucleated downstream the heater, or were never evaporated by the 
heater as a result of the initially high concentrations of particles for this high 
sulphur fuel. Achieving efficient particle reduction in the CRT is dependent on 
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a fuel sulphur level of maximum 50 ppm which is considerably lower than for 
the fuel in the study of PAPER IV. The study was carried out with the 
intention to investigate if the dilution system and measurement set-up were 
capable of characterising the exhaust particles also for a fuel with high sulphur 
content.  
 
Sulphates are hygroscopic and may adhere to water. Using a high sulphur fuel, 
the sulphur compounds may be detected by the particle counters downstream 
the CRT. If a high sulphur fuel is used and a low temperature test is followed 
by a high temperature test, the particle emissions may exceed the engine out 
emissions without exhaust aftertreatment. The presence of fuel sulphur may 
also halt the nitrogen dioxide (NO2) production in the CRT. NO2 is used in the 
CRT to burn the particles trapped in the filter. If the balance between available 
NO2 and particles is shifted, the reactions to burn the particles are affected and 
the CRT cannot work properly in order to reduce the particle emissions. If the 
NO2 production is significantly halted during low temperature conditions, there 
is a risk of plugging the CRT as the exhaust particles are not burned. The 
influence of high fuel sulphur on the CRT performance is recoverable as high 
temperature conditions, above 475 °C, using low sulphur fuel, below 10 ppm, 
will burn of the plugged soot and release the remaining sulphates from the CRT 
filter. According to the two explanations concerning emissions of sulphate 
particles and decrease in NO2 production, the high nucleation mode peak seen 
for the 400 ppm sulphur fuel in the study of PAPER IV is not very surprising.  
 
In the study of PAPER V, tandem measurements were again performed, this 
time by using the newly developed v-TDMA instrument. The intention this 
time compared to the work of PAPER II was to obtain information 
exclusively about the engine and not in combination with the complete vehicle 
exhaust system. Sampling for particle analysis took place directly downstream 
the CRT before the silencer and the rest of the exhaust system. The influence 
of varied dilution and temperature on the number of particles was studied. 
Based on the experiences from the work of PAPER II, it was desired to study 
the volatility of the exhaust particles using higher temperatures in the improved 
heater. As could be seen from the heater evaluation in chapter 7.2, it was 
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however not possible to obtain average temperatures above 400 °C in the newly 
developed heater. The study was performed on the same Scania heavy-duty 
engine equipped with CRT as previously described. A Swedish environmental 
class 1 fuel was used. PAPER V presents results from two steady-state engine 
conditions: medium speed at 100 % load and high speed idle. It is shown that 
particles generated by the engine equipped with CRT at high load do not 
separate in smaller sizes when heated. The particles remaining after heating 
have the same size as before being heated. This seems to be the case not only 
for accumulation mode particles, but also for 19 nm sized particles.  The result 
is surprising as similar studies have shown that nuclei mode particles produced 
by diesel engines with CRT consist primary of sulphates, [48] and [49]. At high 
speed idle, the study in PAPER V shows that small fractions of material can be 
found as smaller sized particles after heating. The amount of volatile material is 
considerably larger at idle than at full load, but the fact that some material occur 
as smaller sized particles indicate a solid core of these structures formed at idle.  
 
PAPER V includes a brief study of the influence of the aftertreatment device 
on the particle volatility. When using the heavy-duty engine without the CRT at 
high load, the results concerning volatility are similar as with the CRT. The 
particles do not split into smaller sizes when heated to 350 °C. When 
comparing the findings of PAPER V and PAPER II, similar engine generation 
and drive conditions show similarities concerning particle volatility even though 
the use of aftertreatment and the sample point differed between the two 
studies. It is however not advisable to draw any general conclusions based on 
studies of only two engines. The work presented in this thesis is aimed at 
illustrating the measurement method more than evaluating the influence of the 
engine.  
 
The data evaluation to obtain the results in PAPER V showed fluctuating total 
particle concentrations also after high dilution downstream the CRT. The 
concentration variations were evident also after stabilizing the engine for over 
20 minutes. It was assumed that the variations arose as a consequence of the 
regeneration history of the CRT. For future number measurements, it is 
important to not only condition the engine but also the CRT. Such preparation 

76 



Volatility and number measurement of diesel engine exhaust particles 

of the aftertreatment devices will be a major challenge for future number based 
measurement procedures for engine certifications. Due to the concentration 
instabilities, large amounts of v-TDMA data have been rejected for further 
analysis. Also, shortcomings of the v-TDMA software made the data analysis 
time-consuming and complex. Therefore, large amounts of data from the 
tandem study have not been reported in PAPER V. This rejected data set has 
been analysed and has served as a basis of knowledge when it comes to building 
up a general understanding of the complexities of size distributed number 
measurements, but these results have not been published.  
 
The shift in particle size found in the tandem studies with the v-TDMA 
instrument can be a result of evaporation of a volatile coating. It might also be 
explained by changes in morphology. It is possible that the particles from the 
beginning are loosely stacked structures. When heated, the carbon structures 
pack together and these structures thus appear as smaller sized particles after 
the heater. The size shifts seen in PAPER II and PAPER V could be further 
investigated by use of scanning electron microscopy (SEM) where changes in 
morphology can be studied by comparing SEM pictures taken before and after 
heating. The time frame of EMIR-1 did however not allow performing SEM 
photography.   
 
The influence of lubricating oil on the exhaust particles has not been evaluated 
within EMIR-1. It is believed that the major fraction of the volatile material of 
the particles arise from unburned lubricating oil. Sakurai et al., [42] and [43], 
showed that the volatile compounds comprised to at least 95 % of unburned 
lubricating oil. The percentage is however dependent on the engine conditions. 
The boiling point of the lubricating oil is above 400 °C and the oil related 
particles are thus not possible to volatilise in the heater temperature of 350 °C 
used in most of the studies within EMIR-1. The remaining peaks of small 
particles that can be seen in both PAPER II and PAPER V might thus consist 
of semi-volatile material that is not possible to evaporate in the present set-up. 
Increasing the average temperature above 400 °C was not possible with the 
used heaters. The decision to use 350 °C arose from the evaluation of the 
rotating disc diluter, ejector diluters and a porous probe type diluter [13]. In 
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that study, it was shown that a main part of the volatile fraction was evaporated 
at 300 °C and that an increase to 400 °C did not result in any further 
evaporation of volatiles [13]. A temperature of 350 ° was thus chosen for the 
continued work.  

7.4 Total number concentration measurements 
Total number concentration measurements have been performed by use of a 
stand-alone CPC without DMA. The dilution system has varied depending on 
the focus of the study. In short, the rotating disc diluter has been used for the 
work in the engine test cell at KTH that is presented in PAPER IV and 
PAPER V, whereas the EMIR-system, with ejector diluters in series, has been 
used for work elsewhere which is reported in [13].  

7.4.1 Conditioning using the rotating disc diluter 
Total number concentration measurements were performed as an approach to 
state an integrated value for particle emissions. Size distributed number 
measurements are important when it comes to describing the complete aerosol. 
The output data can however be complex to analyse, and comparison between 
similar tests cannot easily be done in a quantitative manner. The total number 
concentration could, if repeatability and robustness is assured, summarize the 
particle number information in one single value: the concentration of all 
particles in a specified size range. In the studies of PAPER IV and PAPER V, 
measurements with a stand-alone CPC were done simultaneously as the 
measurements of number size distributions described in the previous chapter, 
with the same settings regarding dilution and temperature. Through 
simultaneous measurements, the comparison between the two methods could 
be done with less risk for influence from slight variations in the test conditions 
that may arise during consecutive tests.  
 
The total particle number concentration was registered continuously with a 
frequency of 1 Hz during the same time period as size distributed number data 
was recorded by the v-TDMA instrument. The signal from the stand-alone 
CPC was recorded by the test bed computer together with other engine 
parameters such as pressures and temperatures. Prior to data logging, the 
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engine was stabilized at the specific steady-state engine conditions for at least 
10 minutes until the fluctuations of the exhaust temperature after the turbine 
were less than 2 %. Nevertheless, the measurements reported in the study of 
PAPER IV and PAPER V showed instabilities in the total number 
concentration. It was assumed that the fluctuations in concentration were 
attributed to the regeneration history of the CRT. In previous work within 
EMIR-1, higher number concentration of particles occurred downstream a 
newly regenerated diesel particulate filter (DPF) than when the aftertreatment 
device had worked for some time without regeneration [13]. Also, the 
temperature of the CRT will influence. High temperatures may increase the 
number of particles due to catalytic oxidation of sulphuric compounds. A high 
temperature may also give more efficient regeneration, causing lower trapping 
efficiency and thus higher number of particles downstream the device. Due to 
the ceramic and metal material of the CRT, it can be assumed that the 
temperature of the CRT changes slower than the temperature in the exhaust. 
Unfortunately, temperature measurements have not been done inside the CRT. 
During the study in PAPER IV, tests at full load engine conditions and 
medium load conditions were logged alternately. At the start of data registration 
at full load, after 10 minutes of stabilizing, the CRT may still be warming up 
from the lower temperature associated with the lower engine load. The thermal 
inertia of the CRT affects the particle number concentration.  
 
To evaluate the influence of the CRT for the stability of the total number 
concentration, tests have been done both with and without exhaust gas 
aftertreatment. Figure 12 shows the total particle number concentrations 
measured with and without CRT at 100 % load and 1220 rpm for the heavy-
duty engine used for the studies of PAPER IV and PAPER V. The two tests 
in Figure 12 have been done on different days using similar procedure. The 
data have been corrected for the dilution applied in each specific case. The 
heater upstream the CPC was held at 350 °C. To avoid influence from back-
pressure, comparison of measurements performed upstream and downstream 
the aftertreatment device has been avoided. Tests without CRT have instead 
been done on separate occasions as the tests with CRT. The CRT was then 
replaced by an empty pipe with same width and length as the rest of the 
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exhaust system. The sampling point was located in the same place during both 
types of tests.  
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Figure 12 Total particle number concentrations measured with and without CRT at 

100 % load and 1220 rpm.  

From Figure 12 it can be seen that the total particle number concentration 
without the CRT is more stable than with the CRT. As previously described, 
the fluctuations in number concentration after the CRT may be attributed to 
slow temperature response of the aftertreatment device.  
 
The studies reported in PAPER IV and PAPER V show the complexities of 
performing total number concentration measurements in a reproducible way. 
Variations in the concentrations occurred although the engine had been 
stabilized for over 20 minutes. The instabilities were visible also after 
conditioning the aerosol at 350 °C. To perform number concentration 
measurements with comparable results, it has shown important to state all 
conditions of the measurements very carefully and to condition not only the 
engine but also the aftertreatment device. This will be a major challenge for the 
number based measurement methodologies that are now proposed for future 
emission standards.  
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7.4.2 Conditioning using the EMIR-system 
For the studies performed at the industrial partners of EMIR-1, total number 
measurements have been done by use of a stand-alone CPC after conditioning 
the sample with two or more ejectors in series, the so-called EMIR-system. 
Figure 13 shows a photograph of the EMIR-system including one heated 
ejector diluter, one unheated ejector diluter, a CPC and some additional 
equipment.  

 

Figure 13 Photograph of the EMIR-system.  

The intention of the EMIR-system was to use the instrument in emission 
research studies and for the development of engine and exhaust aftertreatment 
systems at the industrial partners of EMIR-1. Several individual studies have 
been done and the main findings of these can be found in the report published 
by VINNOVA [13]. The main goal with the measurements was to evaluate the 
performance of the instrumental set-up, and the usability when performing 
measurements on various cars and engines. Heavy-duty diesel engines as well as 
diesel, CNG and gasoline passenger cars were included in the studies. For the 
heavy-duty engines, sampling was in most studies done downstream a CVS 
dilution tunnel, but an evaluation of using a mini-tunnel to dilute a partial flow 
sample taken downstream the turbine was also done. For the passenger cars, 
sampling was either performed downstream a CVS or directly from the tailpipe 
of the vehicle. 
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The EMIR-system was used at three of the companies participating in the 
EMIR-1 project in order to examine the stability and repeatability, and to 
evaluate the usability and handling of the instrument. The instrument showed 
able to detect small excursions in the operation of the examined engine or 
vehicle. Regarding repeatability, it was concluded that the test to test variations 
were more an effect of external parameters such as vehicle performance than 
performance of the EMIR-system. Handling of the experimental set-up would 
be facilitated by mounting the complete equipment as one module. Today, the 
system consists of several different parts that have to be assembled by the user. 
Once the equipment is mounted and connected, it can continue working for at 
least five workdays without need for special attention, which adds to the 
robustness of the system.  
 
The dilution ratio (DR) needs to be determined as the amount of dilution may 
greatly affect the results of number measurements. Correct dilution ratio data is 
especially important when performing absolute number measurements. In case 
of qualitative studies, stable dilution is still a minimum requirement. The DR in 
ejector diluters is dependent on a series of parameters including sample 
pressure and temperature, dilution air pressure and temperature as well as waste 
gate pressure [50]. The conditions of the diluter should be kept constant and 
calibration of the ejectors should be done in a careful manner at similar 
conditions as are experienced during measurements. Within EMIR-1, 
calibration of the dilution ratio was done using offline trace gases. Three 
different trace gases were used by the different laboratories: CO2, NOx and 
propane (HC). Among other things, these calibrations show that the dilution 
ratio of both the heated ejector and the one following is affected by the 
operational temperature of the first. A general conclusion from these 
calibrations is that the trace gas concentration should allow the DR to be 
measured for a minimum of two ejectors in series. Adding the DR value for 
individually calibrated ejectors is not recommended.  
 
The ejector diluters have a small sampling nozzle diameter, approximately 
1 mm. Build-up of deposited material or blockage may change the flow 
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characteristics of the nozzle and thus the dilution ratio. The risk for nozzle 
blockage is especially high during tailpipe sampling and necessary precautions 
should be taken into account when such measurements are performed. Heating 
the first ejector and the dilution air to the first ejector to 350 °C was sufficient 
when sampling from a CVS.  
 
Studies have been done using two CPC’s of the same model with different low 
side cut-off. The cut-off of a CPC is defined as the size where particles are 
detected with 50 % efficiency, the so-called median value or d50. The study 
where two CPC with cut-offs of 10 and 23 nm respectively were used indicate 
that approximately 40 % of the number of particles from a diesel passenger car 
with diesel particulate filter (DPF) is in the size range between 10 and 23 nm at 
high speed. At low speed, up to 60 % of the total number is in this size range. 
Since the EMIR-system applies hot dilution, it is assumed that the high number 
of small particles is associated with non-volatile material. The large proportion 
of particles in the size range between 10 and 23 nm implies that a small change 
in the CPC cut-off may strongly affect the result of the measurements. 
Measurements according to the PMP-protocol [10] where the cut-off is chosen 
to be 23 nm could be troublesome to perform accurately, if the particle size 
distribution has an incline or decline around 23 nm which was apparently the 
case during the measurements performed within EMIR-1. The cut-off of the 
CPC is determined by the temperature difference between the cold and hot part 
of the CPC, which is difficult to measure and control accurately. The cut-off 
thus differs slightly between individual instruments, which may give highly 
varied results between two individuals. Comparisons of the counting efficiency 
between a CPC model 3010 and a CPC model 3025 have been done by the 
Ph.D. candidate to study the cut-off performance of several individual 
CPC 3010. Figure 14 shows an example of results from such study where the 
difference in counting efficiency between the two models has been determined 
for 18 particle sizes between 7 nm and 400 nm in diameter using ammonium 
sulphate particles. Details of the experiment to evaluate the cut-off of a CPC 
can be found in PAPER I. In Figure 14, the particle number ratio (CPC 
3010 / CPC 3025) including one standard deviation is depicted as a function of 
particle size.  
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Figure 14  Comparison of counting efficiency between CPC 3010 and CPC 3025.  

The study in Figure 14 shows that this individual CPC has a cut-off of 
approximately 16 nm compared to the nominal 10 nm. The counting efficiency 
compared to a model 3025 has been studied for several other CPC 3010’s, most 
of them previously used for engine exhaust characterisation but none of them 
showing remarkable results. The cut-off performance of these CPC’s is similar 
to the one depicted in Figure 14, but with an even slightly higher cut-off 
diameter. The procedure used in this cut-off study is not the same as the one 
used by the manufacturer to calibrate the instruments. In the study presented in 
PAPER I, results from the model 3025 are used as reference. If, as previously 
described, the CPC 3025 is affected by flow instabilities, this reference might 
not be reliable. During the work presented in Figure 14, the flow has been 
thoroughly monitored to minimize the risk for such influence.  
 
The effect of soot accumulation in the DPF on the particle number 
concentration has been studied for two diesel passenger cars. Fifty consecutive 
New European Drive Cycles (NEDC) were repeated without regeneration of 

84 



Volatility and number measurement of diesel engine exhaust particles 

the DPF. The results showed a continuously decreasing number of particles as 
the soot accumulated in the diesel particle filter. Figure 15 shows a detail from 
the NEDC where acceleration takes place from idle to 70 km/h. The number 
concentration for each cycle as well as the vehicle speed is depicted as a 
function of time. It can be seen that the concentration decreases continuously 
for each test cycle. The soot accumulation increase the trapping efficiency of 
the DPF and less particles is measured downstream the DPF for each test 
cycle.   
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Figure 15 Soot accumulation cycles for a diesel passenger car equipped with DPF. 

Vehicle speed and total particle number concentration as a function of time for fifty 

consecutive cycles without DPF regeneration. Modified from [51]. 

Another study with diesel passenger cars showed that the EMIR-system was 
capable of detecting minor defects in a DPF affecting the particle filtration 
performance. For a DPF with malfunction due to a cracked welding, the 
EMIR-system detected particle number concentrations a factor thousand 
higher than with a correctly working DPF. The gravimetric measurements 
indicated similar particle mass for the malfunctioning DPF as for a correctly 
working DPF. The particle number concentrations for the DPF with 
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malfunction were in the same order of magnitude as for diesel engines without 
exhaust aftertreatment.  
 
Based on the results of measurements at three different laboratories, the 
EMIR-system can be regarded a sensitive analytical tool showing good 
repeatability during repeated testing. The EMIR-system was successfully used 
for studies of particle emissions from various types of vehicles and engines with 
and without aftertreatment systems. The equipment should however be 
regarded as a prototype which needs more development, especially considering 
the procedure to accurately determine the dilution ratio.   
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8 Conclusions 
The major outcome of the project lies in the new detailed knowledge about 
particle number measurements from engines. The complexities of dilution and 
number measurements have been highlighted and numerous experimental 
studies performed to test both commercial and in-house developed equipment 
for engine particle characterization. Several critical aspects have been identified 
that influence the aerosol and thereby the measurements. For example, it has 
been found that nucleation mode particle formation may occur even when 
high, hot dilution is performed and thermal conditioning is applied. The 
importance of the detector cut-off has been studied as well as the stability of 
the particle number concentration with and without exhaust aftertreatment. It 
has also been found that particle losses occur both in the exhaust system and 
during sampling, dilution and measurements. The processes for these losses are 
numerous and their influence is not thoroughly understood. To conclude the 
thesis, this chapter will in short answer the research questions raised that the 
engine tests performed by the Ph.D student were to answer, see section 3.1.  
 
1. The rotating disc diluter has shown to be suitable for dilution prior to 

particle number measurements in engine exhaust. Since high dilution can be 
applied, it is possible to use this diluter when sampling directly downstream 
the turbine of a heavy-duty diesel engine.  

2. The in-house developed v-TDMA instrument can be used for size 
distributed particle number measurements and volatility studies of particles 
sampled directly downstream the turbine that have been conditioned by use 
of a rotating disc diluter. In summary, the v-TDMA instrument have shown 
to be a sensitive analytical tool which, if desired to use for further engine 
exhaust particle characterization, needs some development work. Issues to 
consider include heater performance and software improvement. It would 
be beneficiary to be able to monitor the number size distribution more or 
less on-line.  

3. The EMIR-system, which in principle is similar to the instruments 
proposed for a future standard, can be used to illustrate the total particle 
number concentration in engine exhaust. Engine test shows that these types 
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of measurement systems are sensitive to small changes in the detector cut-
off. Tests on diesel passenger cars show that soot accumulation in a DPF 
increase the trapping efficiency of the aftertreatment devise. Total number 
concentration measurements from a heavy-duty diesel engine with CRT 
show the importance of proper conditioning of not only the engine but also 
the aftertreatment devise. 

4. Replacing the complex v-TDMA instrument by the more easy-to-use 
EMIR-system means that the size specific information about the particles is 
lost. With the EMIR-system, an integrated value is achieved: the total 
number of particles per volume of exhaust flow. With the v-TDMA, the 
number of particles of each size is obtained. Also, the EMIR-system will 
not detect particles smaller than 10 nm in diameter.   

 
Size distributed particle number measurements have showed that the nucleation 
mode particles are strongly affected by the amount of dilution applied. Using 
the new concept of the rotating disc diluter, dilution up to 400 times has been 
applied at a temperature of 150 °C. Although this dilution is considerably 
higher than conventional dilution techniques, no upper threshold has been 
found where particle formation from species in the gaseous phase is completely 
halted.  
 
The volatility of differently sized particles and particles generated under various 
engine conditions has been studied. The experimental work indicates that small 
particles generated at idle engine conditions contain more volatile material than 
larger ones. Older generation diesel engines seem to emit higher number of 
these small particles. The influence of the fuel quality on the number of 
particles was also evaluated. These studies shows that the fuel sulphur content 
greatly affect the number of nucleation mode particles. Using 400 ppm sulphur 
fuel, particle formation downstream the heater of the v-TDMA cannot be 
avoided even when a dilution of 400 times is applied. These tests were done on 
a heavy-duty engine with exhaust aftertreatment.  
 
The main goal of the EMIR-1 project was to achieve a higher national 
competence in the field of particle sampling and measurement. The project has 
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succeeded in not only educating one single expert, the defender of this thesis, 
but also in raising the general basis of knowledge within the field at several 
Swedish automotive companies as well as at the Royal Institute of Technology 
(KTH). This was done through collaboration between several partners in both 
theoretical and experimental work. In order to follow the developments within 
the field, continuous efforts concerning exhaust particle number measurements 
are however called for. 
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9 Symbols and Abbreviations 
CNG compressed natural gas 
CPC condensation particle counter 
CRT continuously regenerating trap 
CVS constant volume sampler 
dp and Dp particle diameter 
DMA differential mobility analyzer  
DMPS differential mobility particle spectrometer 
DPF diesel particulate filter 
DF dilution factor 
DR dilution ratio 
EC environmental class 
EMIR emission research 
EEPS engine exhaust particle sizer 
ET evaporation tube 
GRPE Working Party on Pollution and Energy (UN ECE) 
Mk Miljöklass (Sw.), environmental class 
NEDC new European driving cycle 
PMP Particle Measurement Programme 
RD diluter rotating disc diluter 
SEM scanning electron microscope 
SMPS scanning mobility particle sizer 
UN ECE United Nations Economic Commission for Europe 
VINNOVA Swedish Agency for Innovation Systems 
v-TDMA volatility tandem differential mobility analyser 
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Appendix 

1 Engine exhaust particles 
This chapter intends to give a theoretical background on particulate pollutants from combustion 
engines including their formation in the engine cylinder and how they change as they leave the 
engine and exit to the ambient. A short note about the health effects of exhaust related particles 
is also included. The current standard of gravimetric measurements for certification of engines 
and vehicles is described, as well as the legislation on particles. The last part of this chapter gives 
an insight into related particle measurement research projects.  

1.1 Basic concepts 
The basic concepts and nomenclature presented in this chapter is based on the book by Hinds 
[1], if not otherwise stated.  
 
Small liquid or solid objects are referred to as particles. Particles formed in combustion engines are 
typically smaller than 1 μm. Particulates or particulate matter (PM) is used to denote all substances in 
solid or liquid state, except unbound water, which under normal circumstances are present in 
exhaust gases. The main fraction of the particulate matter is soot (carbonaceous agglomerates) that 
form primarily from the fuel. The concept of aerosol is defined as a gas and the particles 
suspended therein. The aerosol is thus a two-phase system, consisting of the particles and the 
gas.  
 
Particles are complex structures containing soot and associated organic components and sulphur 
compounds. Each particle may be a three-dimensional mixture of solid and volatile parts. It can 
be convenient to picture the particles as belonging to either of three different categories based on 
their volatility. These categories include entire solid particles made up from carbonaceous 
agglomerates (soot), solid cores with a volatile coating and entire volatile particles. The idealized 
description of the particle as a solid core with volatile coating is widely used, e.g. in discussions 
and for simulation purposes. The volatile and solid parts of a particle may in actual fact be 
irregularly mixed with each other. The concept volatile fraction (or volatiles) is sometimes used to 
denote the volatile particle precursors, such as sulphuric acid and hydrocarbons. The opposite of 
volatile fraction is solid fraction (or solids), which denotes the residual of the particulate matter after 
being heated above the evaporation temperature of the volatiles. Most, but not all organic 
components evaporate at about 300 °C, whereas soot burns at about 600-700 °C. It should be 
noted that the nomenclature of volatile and solid must be used with caution, as their definitions 
are not absolute. The volatility is temperature and pressure dependent among other things. 
 
Particle size is the most important parameter for characterizing an aerosol. The properties of the 
aerosol depend on the particle size. Liquid aerosol particles are nearly always spherical, whereas 
solid aerosol particles usually have complex shapes. Picturing particle size in the terms of a radius 
or diameter is only true if the particle is spherical. Since most particles are irregular, they are often 
assigned an equivalent aerodynamic diameter. This is the diameter d of a sphere with a density of 1 
g/cm3 (the density of a water droplet) that has the same settling velocity as the particle in 
question. This diameter thus says more about the aerodynamic properties of the particle, than 
about its actual, physical shape. Most measurement instruments relate to the equivalent 
aerodynamic diameter. There are several ways to name various particle size fractions, some of 
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which are overlapping. Hinds [1] as well as Kittelson, e.g. [2] describe the currently accepted 
nomenclature relating to particle size. The nomenclature is visualised in Figure 1. The denotation 
fine particles is used for particles having a diameter smaller than 2.5 µm, whereas ultrafine particles 
are the ones having a diameter smaller than 100 nm. The smallest named size fraction is for 
nanoparticles, with a diameter smaller than 50 nm. The denotation PM10 is referring to the mass of 
particles being smaller than 10 µm in diameter and likewise, PM2.5 denotes the mass of particles 
being smaller than 2.5 µm in diameter.  

 

Figure 1. Typical particle mass and number size distribution of engine exhaust [3].  

Figure 1 also illustrates the different size modes of particles in the exhaust and in the ambient. 
Diesel exhaust particle number size distributions typically show bi- or trimodal lognormal shapes. 
The smallest mode, nucleation mode or nuclei mode, typically consists of particles in the 5 – 50 nm 
diameter range. The nucleation mode consists primarily of combustion particles emitted directly 
to the ambient, or of particles formed by gas-to-particle conversion. This mode is not always 
present, and the formation and removal processes of nucleation mode particles are complex. 
Because of their high number concentrations, these particles coagulate rapidly with each other 
and with particles in the accumulation mode. Consequently, the nuclei mode particles have short 
lifetimes, and end up in the accumulation mode. Accumulation mode particles from a combustion 
engine usually consist mainly of carbonaceous agglomerates. The name derives from that 
particles in the ambient accumulate in this mode, since the removal mechanisms are weak. 
Accumulation mode particles in the ambient can be removed by rainout, but they coagulate too 
slowly to grow into the coarse-particle mode. The coarse mode holds particles with a diameter larger 
than 1000 nm. Coarse-mode particles found from engines usually derive from particulate material 
re-entraining after first being deposited on the walls of the exhaust system. Because of their large 
size, the coarse particles readily settle out or impact on surfaces, so their lifetime in the 
atmosphere is only hours or a few days.  

1.2 Particle formation and characteristics 
Traffic and combustion engines is the main source of fine particles in the urban environment [4]. 
Most particulate material result from incomplete combustion of fuel hydrocarbons, but some is 
contributed by the lubricating oil. As the legislation on particle emissions is getting harsher, 
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decreasing also the particulate emissions originating from lubricating oil is becoming increasingly 
important. Diesel particulates consist primarily of combustion generated carbonaceous material 
(soot) on which some organic compounds have become absorbed. Figure 2 shows an example of 
particle composition from a heavy-duty diesel engine operated during a transient cycle as 
reported by Kittelson [2]. Soluble components partly originating from incomplete combustion of 
fuel and lubricating oil may be extracted from filter samples and typically represent 20-40 % of 
the mass.  

0 10 20 30 40

Carbon

Unburnt fuel

Unburnt oil

sulphate/water

Ash and other
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50

 

Figure 2. An example of composition of particles from a heavy-duty diesel engine [2]. 

The formation of soot (i.e. carbon) in a flame is a highly complex process in which fuel molecules 
produce particles within a few microseconds. As a result of different combustion strategies, diesel 
engines are associated with higher soot emissions as compared to gasoline engines. In the diesel 
engine, the combustion creates regions in the Diesel spray where the fuel to air ratio is 
considerably higher than stoichiometric, which favours particle formation. The homogenous 
stoichiometric fuel to air mixture present in normal gasoline engines is associated with 
significantly less generation of soot. There are differences between gasoline and diesel fuels as 
well, regarding soot formation tendency. The soot formation rate is higher for diesel fuel than for 
gasoline. This can be explained by the higher presence of aromatic compounds and the higher 
final boiling point of the diesel fuel. Also, temperature and pressure have influence. Soot 
formation takes place in fuel rich regions at temperatures between about 1000 and 2800 K.  
 
In the diesel engine, particle formation arises as the fuel molecules via oxidization and/or 
pyrolysis form various unsaturated hydrocarbons, such as acetylene and its higher analogues 
(C2nH2), and polycyclic aromatic hydrocarbons (PAH). These oxidation and pyrolysis products 
are thought to be important intermediates when soot is formed from the original fuel molecule 
[5]. When these gas phase species condense they give the first recognizable soot particles having a 
diameter of approximately 2 nm. These first soot particles are sometimes referred to as nuclei 
and their formation process as nucleation [6]. The particle nuclei dehydrogenate (age) in a high-
temperature combustion area while physically and chemically absorbing gaseous hydrocarbon 
species [7]. The 2 nm nuclei have high mobility (Brownian motion) and coalesce as they bounce 
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into each other. The larger spherules formed are sometimes called primary particles and may 
consist of some 105 carbon atoms. They measure between 10 to 80 nm in diameter although 
most are in the 15-30 nm range. Their H/C ratio is about 0.1 compared to the H/C ratio of the 
fuel being 2 [6]. Factors that affect combustion engine particle formation include fuel quality, fuel 
injection operation and pressure and combustion chamber design.  
 
After particle formation, particle growth takes place. Particle growth can be divided into surface 
growth and agglomeration. Each of these includes several different processes. Surface growth 
means that gas-phase molecules attach to existing particles by heterogeneous nucleation or 
condensation. The processes of surface growth are dependent on the vapour pressure of the 
gaseous compounds and thus the temperature. Heterogeneous nucleation is a process in which 
gaseous species adhere to existing particles of another chemical composition. The presence of 
condensation nuclei considerably suppresses the saturation pressure of condensing species 
needed for nucleation as compared to the case of homogenous nucleation. Homogenous nucleation 
forms new particles and is thus not a surface growth process. The new particles are formed from 
supersaturation of gaseous species without the presence of condensation nuclei. Particle 
formation through homogenous nucleation may occur during aerosol transport and dilution, as 
will be discussed later in this chapter. Condensation is a process in which surface growth of existing 
particles is provoked by gaseous species of the same origin. Condensation is the most frequently 
occurring process for a gaseous component to be transformed into particle phase. Since the 
saturation pressure needed for condensation is lower than for heterogeneous nucleation, most 
heterogeneous nucleation processes are soon succeeded by condensation. The opposite process 
of condensation is evaporation. The process of adsorption is similar to condensation [8]. Adsorption 
means that gas molecules are held to a particle’s surface by chemical or physical (van der Waals) 
forces. The agglomeration processes for particle growth include coagulation and aggregation, 
both meaning that particles collide with each other to generate fewer but larger particles. These 
processes are strongly dependent on particle number concentration. The larger particles 
occurring when two spherical particles coagulate takes the shape of a single spheroid, which is 
possible since the early beginnings of soot particles may have the viscosity of a tarry liquid. On 
the other hand, when an agglomeration process takes place after the initial particles have 
solidified the resulting particle will resemble a cluster or a chainlike structure in which the original 
spherules retain much of their individual identity. Such coalescence is called aggregation. Each 
cluster or chain may include 4000 spherules and typically measure a few hundred nanometers in 
diameter [6].  
 
In addition to the formation and growth process, oxidation of soot and its precursors takes place 
through various reactions. Soot and the particle precursors are burned in the presence of 
oxidising species to form gaseous products such as carbon monoxide (CO) and carbon dioxide 
(CO2). Most of the soot formed will burn up before exiting the combustion chamber. A rough 
estimate presented by Dahlén [9] implies that more than 90 % of the soot formed in a diesel 
engine is oxidized prior to exhaust. This estimate is supported by laser diagnostics [10]. The 
eventual emission of soot from the engine will thus depend on the balance between formation 
and burnout. Oxidative attack is essentially an exterior surface phenomenon and the 
agglomeration processes will thus decrease the relative oxidation rate. In short, a spherical cluster 
is harder to burn off than a chain; and the larger the cluster the bigger the relative reduction in 
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surface area and therefore the decrease in soot oxidation. The particle porosity and the 
smoothness of the particle surface will also have influence, [5] and [6]. The time when the 
particles are formed also influence to what extent they are emitted from the combustion 
chamber. Early particle formation is favourable as there is longer time for the oxidising reactions 
to take place. Heywood [6] states that particles with a smaller diameter than 100 nm is likely to 
fully burned if it is formed early in the combustion process. Soot present in the exhaust comes 
from regions of the combustion which mixes with air too late for the oxidation rate to be 
sufficient for particle burn up [6]. Not only is the time available for the oxidising reactions 
important. Temperature and pressure also have influence, as oxidation is strongly pressure and 
temperature dependent. The oxidation processes are therefore much more efficient around top 
dead centre (meaning that the piston is in its highest position, and the combustion volume at its 
minimum) than after the piston has lowered. Early injection (and thereby early particle 
formation) may therefore decrease the particulate emissions. Higher injection pressure does also 
reduce the emissions of soot as oxidation is improved due to better mixing. Energy released from 
the spray will generate air movement. The higher the injection pressure, the higher the energy and 
thus the mixing ability. Higher injection pressure also imply larger injected diesel volume per time 
and thereby a shorter combustion period (and thus longer time for oxidation processes to take 
place). 
 
Particle formation and survival is dependent on both the fuel quality and the lubricating oil. The 
sulphur content has some influence, as formed sulphuric compounds are hygroscopic and thus 
adhere water, which adds to the particulate mass. Different fuels also have different distillation 
ranges. The Swedish class 1 fuel, commonly referred to as Mk 1 after the Swedish word 
‘miljöklass’, has a lower final boiling point than the fuel according to the European standard. The 
final boiling point for Mk 1 is 285°C compared to 360°C for Mk 3, which is the Swedish 
denotation for diesel fuel according to the European standard [11]. It can therefore be assumed 
that the particles formed from these different fuels have different characteristics in regard to 
volatility. Also, most lubricating oils have final boiling points above 400°C, which implies that the 
particles formed from residuals of lubricating oil are less volatile than the ones formed from the 
fuel.  
 
The formed particles that survive oxidation will leave the engine cylinder during the exhaust 
stroke. As the particles travel through the exhaust system their size and composition will 
continue to change. The surface growth and agglomerating processes mentioned above will 
continue to take place, thus affecting the particle size and the particle number concentration. 
New particles may also be formed through the gas-to-particle process named homogeneous 
nucleation. During homogenous nucleation, new particles are formed from supersaturation of 
gas-phase molecules. These gaseous species stick to each other to form clusters and eventually 
particles without the presence of condensation nuclei. Particle formation through homogenous 
nucleation is dependent on the vapour pressure of the gaseous compounds and therefore the 
temperature [1].  
 
As the particles exit the exhaust, they have undergone various processes as described above. At 
this point, each individual particle is typically made up by a core of carbonaceous spherules 
agglomerated to build up highly branched three-dimensional structures. Nearly all the particulate 
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matter found in the tailpipe before dilution is present as these solid carbonaceous agglomerates 
and a small amount of metallic ash. There is however a significant quantity of volatile organic and 
sulphur compounds in the gas phase. As the exhaust dilutes and cools in the ambient air or in a 
laboratory dilution system, these particle precursors continue to form particles by the processes 
described above [12]. When the particles are emitted from the tailpipe into the ambient air, the 
dilution ratio (DR) changes drastically (up to a factor of 1000 within a few seconds). The change 
in dilution ratio is accompanied by a reduction in temperature as well as the concentration of 
particles and gaseous exhaust species. Consequently, the effectiveness of coagulation and 
nucleation processes is to a great extent halted. If however the emissions occur in a normal 
laboratory dilution tunnel system, the dilution ratio is typically in the range of 5 to 50. Under 
these conditions, nucleation may occur rapidly. This drastically changes the number 
concentration of particles as high numbers of new particles are formed [13]. Particle formation by 
nucleation includes highly complex processes that are not fully understood. Shi et al. [4] showed 
that nucleation is favoured by high dilution ratio and high relative humidity, while Abdul-Khalek 
et al. [14] found that favourable conditions for particle formation are associated with lower 
temperature, lower dilution ratio, and longer residence times.  
 
Apart from the dilution procedure, several other factors influence the aerosol characteristics. 
Thermophoresis, electrostatic deposition and impaction are processes occurring in the sampling 
system that have to be considered. Hinds [1] describe these processes:  

- Thermophoresis is a process that occurs in a volume subject to temperature differences. 
Particles move towards regions with lower temperatures shuffled by gas molecules 
possessing higher kinetic energy in the high temperature region. It is a natural consequence 
of Brownian motion and is increasingly important with decreasing particle size. 

- Electrophoresis or electrostatic deposition is a result of charged particles depositing on the 
walls of charged materials. These losses can be reduced by selecting proper (conducting) 
materials in tubing and connections and keeping the system electrically insulated so that no 
electric field can be established.   

- Impaction occurs as particles are unable to follow fluid streamlines as a result of their inertia 
and the effect is accordingly most pronounced for larger particles. In order to reduce this 
effect, sharp bends or knees in the sampling lines should be avoided and isokinetic 
sampling (i.e. when the face velocity of the flow in the sampling probe and the 
surrounding flow are equal) may be applied. 
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1.3 Particle mass or number 
An aerosol can be physically described by mass-, surface area- or number concentration as a 
function of particle size. As previously stated, the assigned diameter d is the diameter of a sphere 
with unit density that has the same settling velocity as the particle in question. If the particles are 
spherical and their density known, is it possible to calculate the number- or surface concentration 
from the mass distribution or vice versa. This procedure is often referred to as ‘weighing’ the 
data with respect to one of the parameters. An idealized diesel particle distribution was shown in 
Figure 1, which illustrates the difference between mass distribution and number distribution. 
Note that the three different curves are results of number- surface- and mass weighing of the 
same aerosol. The highest particle numbers are found in the nuclei mode (sometimes called 
Aitken mode) with particle diameters smaller than 0.1 µm. However, the mass represented by this 
mode is low (1-20 %). Most of the particulate mass is found in the accumulation mode with 
particle diameters between 0.1 µm and 1.0 µm. The coarse mode with particle sizes larger than 
1.0 µm represents only 5-20 % of the particulate mass since the particle number in this mode is 
significantly lower. When discussing vehicular emissions, is it thus not enough to state that one 
engine has higher particle emissions than another engine. It is also needed to mention whether 
mass or number based emissions (or something else) are aimed at. A specific engine can have 
small emissions on a mass basis but yet emit large numbers of nanoparticles.  
 
Current emission standards for engine and vehicle certifications are mass based. This 
methodology is described in chapter 1.6. The mass of the particulate emissions seems to be 
conserved during dilution and sampling processes. On the other hand, particle number is not 
conserved and may change rapidly during sampling and dilution. Modifications in sampling and 
dilution procedure may induce differences in particle numbers of several decades [14]. Thus, it 
may be troublesome to perform repeatable and representative measurements of vehicle particle 
emissions if other particle properties than mass are studied. An appropriate handling of the 
volatile fraction is essential since it has been shown that volatile components may alter the 
measurements through homogenous and heterogeneous nucleation processes [2]. Also, 
interpretation of the results from measurements of particle number induce challenges as number 
and size distributions are difficult to compare in a standardize manner. It is harder to interpret 
size distributions than to compare integer values of the total mass of the material collected on a 
filter. A possible procedure for comparison would be to use the total number of particles in a 
specified size range.  
 
Discussions about particle emissions from vehicles usually focus on diesel engines, because of 
their much higher mass emissions. However, if the number of nanoparticles is a problem, not 
only diesel, but also gasoline (spark-ignition) engines, especially direct injected gasoline engines, 
may be important sources [2]. Figure 3 from the study of Maricq et al. [15] shows an apparent 
difference in particle size distribution between the gasoline vehicles and the diesel vehicle with 
the maximum number of particles for the gasoline vehicle at about 30 nm, while the diesel 
vehicle shows a maximum at larger particle sizes (around 100 nm).  
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Figure 3. Dependence of particle emissions on vehicle speed for three gasoline cars and one diesel car. 

Dilution air particle size distributions are given as dotted lines. Exhaust flows for vehicle C5 are 0.010, 

0.014, and 0.020 m3/s at 50, 60, and 70 mph. For vehicle C3 they are 0.014, 0.019, and 0.026 m3/s 

[15]. 

The study in Figure 3 was performed with one diesel vehicle and different gasoline vehicles 
(model years 1995-1998) operated at different steady-state speeds. Particle size distributions were 
measured with a Scanning Mobility Particle Sizer (SMPS) from the Constant Volume Sampler 
(CVS) dilution tunnel. From Figure 3 it can be seen that emitted particles change in size 
distribution in respect to vehicle speed and that higher number concentrations are associated 
with higher speeds. The results confirm that external factors such as driving patterns (load and 
speed of the engine) have a large influence on particle size distributions.  

1.4 Exhaust after-treatment 
Exhaust after-treatment equipments, such as particulate filters and catalysts may be used to 
reduce diesel particulate emissions. The filters are often named DPF as an abbreviation for Diesel 
Particulate Filter. This kind of after-treatment device can also be called particulate traps. The 
filters are effective in removing solid accumulation mode particles but do not eliminate the 
volatile material. The catalysts on the other hand remove mainly organic compounds that would 
contribute to the soluble organic fraction (SOF) and nuclei mode [2]. Catalysts, however, do not 
curtail the solid fraction, and thus only give limited decrease in the measured particulate mass 
[16].  
 
Today, most diesel passenger cars are equipped with a catalyst. The technique is well known and 
robust, and the decrease in emitted particulate mass of up to 20 % is reason enough to have this 
after-treatment system as standard on most models. Passenger cars with particulate filters are 
uprising, as the technique is continuing to improve. The regeneration of the filter, with possible 
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need for a fuel additive, is however still an issue. For heavy-duty engines, catalysts are not an 
efficient after-treatment system. The catalytic reactions would, in the high temperature regions 
present behind the heavy-duty engine, give highly oxidised sulphur compounds. These sulphur 
compounds are hygroscopic and thus adhere water, which rather increase than decrease the 
particulate weight. Particulate filters for heavy-duty engines are still not standard equipment, 
although research is currently ongoing. Heavy-duty engine producers currently put in efforts both 
in the field of after-treatment equipment research and in improving engine combustion for the 
reduction of exhaust emissions. The development of after-treatment equipment is closely related 
to the fuel sulphur content. As mentioned above, the catalytic reactions produce hygroscopic 
sulphur compounds that add to the particulate mass. Different after-treatment solutions are 
therefore required for different fuel sulphur levels. Over 90 % of the diesel fuel sold in Sweden 
has the quality Swedish class 1 (Mk1), with a maximum sulphur content of 10 ppm. The 
European diesel standard allows 350 ppm of sulphur. The fuel prescribed for approval tests of 
heavy-duty diesel engines may contain a maximum of 300 ppm of sulphur. Currently, 
development worldwide is towards lower levels of sulphur in the fuel. By year 2005, European 
Union diesel fuels will be set at a maximum of 50 ppm sulphur, although the Directive 
2003/17/EC (2003) states that “it is necessary to ensure that sufficient quantities of petrol and 
diesel fuels with a maximum sulphur content of 10 mg/kg are available from 1 January 2005 on 
an appropriately balanced geographical basis”. In the US, the diesel fuel regulation for 2007 limits 
the sulphur content in on-highway diesel fuel to 15 ppm, down from the previous 500 ppm [17]. 
These low sulphur levels mean a challenge for the refining industry. An improved technical 
solution will possibly be required to be able to produce low sulphur fuels from the available 
crude oils. The refiners will also suffer from increased costs for modifying the production plants 
[18]. 
 
Use of aftertreatment devices such as continuously regenerating traps (CRT) reduces the number 
of carbon agglomerates but may significantly increase the number of small liquid particles, e.g. 
[19]. The formation of these liquid particles is not easily understood. When measuring 
downstream a diesel engine exhaust particle trap, the number of small particles downstream the 
trap may thus exceed the number of particles upstream the trap at high engine loads [19]. By use 
of a thermodenuder that removes the volatile fraction of particles by heating, it has been shown 
that particles smaller than 100 nm to a large extent are composed by volatile matter of which a 
major fraction was sulphur related, see Figure 4. The carbonaceous agglomerates can be thought 
of as ‘sponges’ that ‘soak up’ the volatile particle precursors [12]. When the engine is equipped 
with a trap, the carbonaceous material can be reduced with 99 % [16]. In absence of the soot, the 
particle precursors might reach the level of supersaturation. Nucleation will then take place in 
which the volatile material forms high number of nanoparticles.  Liquid and solid particles act 
differently in the human body and thus have different influence on human health. Studies have 
shown that small liquid particles dissolve in the body fluid and thus stop being particles [21]. 
Solid particles, on the other hand, may transfer into the blood stream and be transported to 
various organs of the human body. Use of CRT to highly reduce the number of these solid 
carbon agglomerates seems reasonable from a health perspective, even if the number of volatile 
particles may increase. The particle precursors are present in the exhaust in gaseous form also 
when using an engine without a CRT and particle formation may occur during dilution or 
transport of the exhaust. 
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Figure 4. Size distribution downstream from the particle trap at different temperatures of the 

thermodenuder [19]. 

1.5 Health effects of particulates 
Particulate pollutants is today of high interest since epidemiological studies indicate adverse 
health effects caused by particles. Several studies have shown a possible connection between 
hospital admissions and ambient air particulate concentrations in cities, [22] and [23]. Particles 
may be described by different characteristics such as number concentration, size distribution and 
chemical composition, all of which are important toxicological parameters. It has been shown 
[24] that smaller particles (PM2.5) show a stronger correlation between mortality and ambient air 
concentrations than larger ones (PM10). It has also been shown that small inert particles (not 
associated with toxic compounds) may induce cancer in rats when large numbers are inhaled [25].  
 
Different fractions of the particulate material have different health impacts. Modern diesel 
combustion technology has greatly reduced the emission of particulates as measured on a mass 
basis. There is a fear that this reduction is due to a reduction in particle size rather than a 
reduction in particle number, [12] and [16]. Since smaller particles are believed to be more 
harmful, this may actually increase the potential health risk of vehicle emissions. Apart from the 
influence of size, the chemical composition has importance. The carbonaceous structures (soot) 
are found to effect lung function and give airway symptoms, including asthma. A short time 
exposure may only irritate the mucous membrane, whereas chronic exposure during many years 
has shown to give airway disorder and reduced lung function. The organic fraction of the exhaust 
particles contains various heavy hydrocarbons (for example polycyclic aromatic hydrocarbons 
(PAH)), aldehydes and ketones. The adverse health effects arising from exposure to such 
compounds are cancer, attack of airways disease and worsening of cardiovascular diseases. The 
carcinogenic and mutagenic effects of PAH in animal and cellular studies are well known. 
Toxicological studies have shown that particles originating from internal combustion engines, 
coal burning, residual oil combustion and wood burning have strong inflammatory potential. 
Inflammation is considered to be the most severe of the non-cancer effects of heavy 
hydrocarbons. Inflammation caused by particle inhalation may cause systemic effects of the 
cardiovascular system (such as cardial dystythmias) on persons with pre-existing heart and lung 
disease.  
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1.6 Legislated particulate measurement method  
The current legislated method for certifying diesel engines with respect to particulate emissions is 
to measure the total mass collected on a filter during a specific driving cycle. This gravimetric 
method is commonly called ‘filter measurements’ and it is probably the most widely utilized 
technique for aerosol measurement. Filter measurements provide integrated mass measurements 
over a driving cycle or part of the driving cycle. The new European drive cycle, (NEDC) may for 
example be divided into three parts. Filter sampling with the constant volume sampler (CVS) is 
presently the regulated method for particle emission measurements in the EU [26]. In regulated 
sampling, two Teflon-coated glass fibre filters are used in series. The first filter will collect the 
particulate matter, whereas the second filter has a control function. Both filters are weighed prior 
to and after sampling. The difference between the two values for the first filter gives the mass of 
the collected particulate matter. The mass on the second filter should be zero. Otherwise, 
something may have occurred during sampling and/or measurement, giving an unreliable result 
from the first filter. The particulate matter is defined as any mass collected on the filter from a 
diluted exhaust stream at a filter face temperature of less than 52 °C. Gravimetric analysis of the 
filters has been found to be sensitive to the effects of moisture and static charge build-up on the 
filter material. Hence, a sufficient time of conditioning of the filters in a controlled atmosphere is 
needed both prior weighing of the unused filter before sampling and after sampling prior to 
weighing the filter with the collected material. The conditioning time is according to the 
regulation minimum 2 h and maximum 36 h.  
 
In order to meet gradually lower particle emissions and still keep high measurement repeatability, 
the filter measurement technique has been modified and enhanced in the USA 2007 standards 
(CFR 40 §86). This includes among other things: 
- The introduction of a cyclone pre-classifier to avoid a bias value due to large particles not 

coming from the combustion process itself.  
- The collection of particles with filters is largely modified with newly designed filter holders 

using only one 47 mm diameter filter with improved filtration efficiency. 
- The filter sampling temperature is controlled at 47 ± 5 °C.  
- The accuracy of weighing filters is greatly enhanced with higher microbalance detection limit 

(0,1 µg).   
- A clean room with tight limits on temperature (22 ± 1 °C) and humidity (dew point 9,5 ± 

1 °C). 
 
When using the gravimetric instruments, results are not very sensitive to different choices of 
sampling and dilution equipment, since particulate mass measurements are not highly influenced 
by whether nucleation of volatile material has taken place or not. The main advantage of the 
legislated filter method is the thorough experience of this technique and its results analysis. 
However, there are problems with the effects of moisture, static charge build-up on the filter, 
absorption of volatile gases, handling and human error among others. These and other issues 
have to be dealt with if filter measurements shall be used in the future. The traditional filter mass 
measurement with a CVS system still has potential for accurate measurement at very low mass 
concentrations. However, care has to be taken to control the sampling temperature and filter 
weighing conditions. Combination of a CVS system with a Tapered Element Oscillating 
Microbalance (TEOM) gives time-resolved capabilities. The drawback is the complexity and cost 
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of such a system. Also, there are disadvantages of the TEOM including high noise and 
disturbances from evaporation of e.g. water and hydrocarbons [27]. 

1.7 Legislation on vehicle and engine emissions 
The European emissions regulations are commonly referred to as Euro I to V. The Euro I 
standards were introduced in 1992, whereas the Euro V regulations will come into power in 
2008. The emissions that are controlled by legislations are hydrocarbons (HC), carbon dioxide 
(CO), nitric oxides (NOx) and particulate matter (PM). The standards are different for diesel and 
gasoline vehicles. In short, diesels have lower CO standards but are allowed higher NOx. 
Gasoline vehicles have been exempted from PM standards up to Euro 5. The European limits 
for each of the four regulated pollutant can be seen in Table 1. All European emission limits for 
gasoline engines are expressed in g/km. For Diesel engines, the limits for light-duty vehicles (cars 
and light commercial vehicles) are expressed in g/km whereas the limits for medium and heavy-
duty engines are expressed as g/kWh. Table 1 also shows the limits for the 2007 standard for the 
United States. This standard is often referred to as US EPA 2007 after the proposal made by the 
Environmental Protection Agency (EPA).  
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Table 1 Emission levels [17]. 

Legislation Date CO HC NOx PM
[g/kWh] [g/kWh] [g/kWh] [g/kWh]

Euro I, < 85kW 1992 4.5 1.1 8.0 0.612
Euro I, > 85kW 1992 4.5 1.1 8.0 0.36
Euro II 1996.10 4.0 1.1 7.0 0.25
Euro II 1998.10 4.0 1.1 7.0 0.15
Euro III 2000.10 2.1 0.66 5.0 0.10
Euro IV 2005.10 1.5 0.46 3.5 0.02
Euro V 2008.10 1.5 0.46 2.0 0.02
EPA 07 (US) 2007 0.27* 0.27* 0.013

Legislation Date CO HC NOx PM
[g/km] [g/km] [g/km] [g/km]

Euro 1 1992.07 2.72 0.97* 0.97* 0.14
Euro 2 1996.01 1.0 0.9* 0.9* 0.10
Euro 3 2000.01 0.64 0.56* 0.5 0.05
Euro 4 2005.01 0.50 0.30* 0.25 0.025
Euro 5 ± 2009.09a 0.50 0.23* 0.18 0.005
Euro 6 ± 2014.09 0.50 0.17* 0.08 0.005

Legislation Date CO HC NOx PM
[g/km] [g/km] [g/km] [g/km]

Euro 1 1992.07 2.72 0.97* 0.97* -
Euro 2 1996.01 2.2 0.5* 0.5* -
Euro 3 2000.01 2.3 0.2 0.15 -
Euro 4 2005.01 1.0 0.1 0.08 -
Euro 5 ± 2009.09a 1.0 0.1b 0.06 0.005c

Euro 6 ± 2014.09 1.0 0.1b 0.06 0.005c

* = HC + NOx
± = Proposed
a = 2010.09 for vehicles > 2,500 kg
b = and NMHC = 0.068 g/km
c = applicable only to vehicles using DI engines

Heavy-duty Diesel engines

Diesel Passenger cars

Gasoline Passenger cars

 
 
As can be seen from Table 1, the legislated emission limits are set at gradually lower values. There 
are also reasons to expect that a common regulation for particulate matter from diesel and 
gasoline vehicles will be set in the future. Moreover, regulators are looking at setting emission 
limits on number in addition to mass [28]. Currently, both the European Union and the United 
States use particulate filter mass as the regulating parameter. However, in the future there is a 
possibility that they will choose different methodology. From these perspectives, there is a need 
for new and more sensitive analytical tools as compared to the present filter method to be used 
for legislative purposes. The US EPA keeps particulate mass as the measure for the new tight 
emission limits for the 2007 on-road heavy-duty diesel requirement. This requirement allows 
emission of 0.013 g/kWh of particulate matter from heavy-duty diesel engines, which is a 
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reduction of 80-90 % compared to the previous standard. Such low emission levels are not only a 
challenge for the engine developers, but also with respect to the measurement procedure. The US 
EPA have imposed tighter control of the dilution and weighing and thus lowered the detection 
limit of the standard gravimetric procedure including the CVS. This improvement of the 
measurement procedure will probably also be applied for light-duty vehicles. In the EU, the 
home page of DieselNet state that the emission limits for 2005 and 2008 are expected to require 
new diesel-powered heavy-duty vehicles to be fitted with exhaust gas after-treatment devices, 
such as particulate traps and DeNOx catalysts. The 6-cylinder straight configuration Scania diesel 
engines do however meet the Euro IV requirements without using any after-treatment device. 
These compound engines use exhaust gas recirculation (EGR) to curtail the NOx emissions. 
EGR means adding carbon dioxide and water vapour to the mixture in the combustion chamber. 
Injection can therefore be done earlier in the engine cycle with maintained low NOx formation, 
as the NOx formation is strongly temperature dependent. When using EGR, energy will be 
consumed for heating the added CO2 and water, and the temperature rise will be considerably 
lower. The early injection gives earlier soot formation and thus allows longer time for oxidation 
of the formed particles. This will give less emitted mass of particles. A separate particulate trap is 
thus not needed. As previously mentioned in section 1.2, particulate emissions can also be 
decreased by improvement of the injection system. Engine producers seem to reach the future 
particulate emission standards without using traps or SCR (Selective Catalytic Reduction). This 
can be achieved by using improved engine technologies, sometimes combined with the use of a 
catalyst. Caterpillar states that they meet EPA's 2007 regulations without SCR and point out that 
when they provide their ACERT (Advanced Combustion Emissions Reduction Technology) 
there is no need for the “complex and costly technologies associated with SCR technology” [29]. 
Similarly, the engine producer MAN says that their new D20 engine will reach the Euro V 
standards without particle trap but by using a catalyst [30].  

1.8 Related research initiatives 
In Europe there have been two major investigations of particle measurement methodology taking 
place in the same time frame as the EMIR-1 project. The EU Commission's DG/TREN 
‘Particulates’ programme presented their final reports in 2004, [31] and [32]. The 
UNECE/GRPE Particle Measurement Programme (PMP) presented their proposal for an 
amendment to the emission standard in year 2004 [28] and their final report in June 2007 [33]. 
The work and some of the results from these two research initiatives are described briefly below. 
A third relevant study is the CRC E-43 that was conducted by University of Minnesota with the 
aim of “developing Diesel aerosol sampling methods for the laboratory that would produce 
particle size distributions similar to those obtained under real-world roadway conditions” [34].  
 
At the end of this chapter, the aim and some major results of the sister project EMIR-2 are 
briefly described. The EMIR-2 project was organized under the same project leader as EMIR-1. 
EMIR-2 was initiated in the first half of year 2001, and ended in 2004.  

1.8.1  ‘Particulates’ 
The programme ‘Particulates’ was focused on a comprehensive characterization of particulate 
emissions from the vehicle tailpipe exhaust under well-defined sampling conditions. The same 
exhaust gas sampling and measurement system has been employed for measurements of both 
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light-duty and heavy-duty vehicles. An overview of the two parts is presented by Ntziachristos et 
al. [32] and Thomson et al. [31] respectively. The following text is based on these publications and 
discussion with partners of the ‘Particulates’ project.  
 
The methodology within ‘Particulates’ has been to dilute the tailpipe exhaust with a so-called 
Porous Tube Diluter. The sample was then split into two parts: one line promoted nucleation by 
ageing; while in the other line the nucleation mode was suppressed by the use of a 
thermodenuder. The dilution ratios were chosen in order to enhance the nucleation of 
nanoparticles but at the same time preserve repeatability between tests and test sites. The 
measured properties included particle number, with focus separately on nucleation mode and 
solid particles, particle active surface and total mass. The vehicles consisted of 22 cars and 10 
heavy-duty engines. The light-duty samples included both diesels (some equipped with particle 
filter) and spark-ignition cars. The heavy-duty samples ranged from Euro I to prototype Euro V 
technologies. Four diesel fuels and three gasoline fuels were used, mainly differentiated by their 
sulphur content, ranging from 300 to below 10 mg/kg. All data were collected in an extensive 
common database and centrally analysed to optimise comparability.   
 
The results for both light-duty and heavy-duty vehicles show that particulate emissions are 
markedly reduced by the combination of particulate trap and low sulphur fuels. For the heavy-
duty engines, it was clear that the operating conditions had high influence on the particle 
emission pattern; in particular fuel sulphur effects are most obvious under high temperature 
operation. Likewise, for the light-duty vehicles the emission patterns were shown to differ 
between type approval and motorway conditions. The authors point out that the relevance of the 
current emission certification test cycles should be considered with regard to the next steps in 
emission legislation and the various vehicle and engine technologies that are expected to be 
introduced. As a summary, the ‘Particulates’ studies showed that particulate number 
measurements offer the potential for greater sensitivity in evaluating particulate emissions, 
without any significant increase in the variability of the results. The sampling procedure used in 
‘Particulates’ seemed to be capable of delivering repeatable results even for the unstable 
nucleation mode particles.  

1.8.2 ‘PMP’ 
The UNECE/GRPE Particle Measurement Programme (PMP) acts as co-ordinating forum for 
the results from a number of different national programmes on particle measurement techniques 
being carried out by the member countries. The focus has been on the development of a new 
approach to the measurement of particles in vehicle exhaust emissions for regulatory purposes. 
The target was a new measurement system focused on carbonaceous particles for type approval 
testing of light-duty vehicles and heavy-duty engines. In order to achieve repeatable 
measurements, the new method excludes the nuclei mode and only aims for measurement of dry 
accumulation mode particles.  
 
The first phase of the PMP included selecting instruments and testing them. The conclusions of 
this large experimental comparison study have been published by EMPA (Swiss Federal 
Laboratories for Materials Testing and Research) in 2003 [35]. The comparison pointed out 
several candidate measurement systems that were further investigated in phase two of the project 
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in order to set a feasible legislative limit on particulate emissions. The first phase of the project 
also included development of draft testing protocols. Standardized methodologies were set to 
develop a robust test procedure that reduces the variability between tests.   
 
Most systems considered in the second phase of the PMP measure either total mass or the mass 
of elemental carbon. For regulatory purposes, they provide little additional benefit to the 
conventional filter mass approach. Improvements of the conventional filter method, adopting 
some of the requirements of the US 2007 procedure, was considered a good option for 
improving measurement accuracy using the mass metric. From a health effect point of view, it 
was considered prudent to further evaluate the potential of a number based system. The addition 
of a number based measurement system to the refined mass measurements would also increase 
the overall sensitivity and scope of the procedure. The executive summary from the phase two 
work [36] thus recommend two systems to be considered for future regulatory purposes: 
- Modified 2007PM (a gravimetric filter based mass measurements system) 
- CVS + thermodiluter + CPC (a number based measurement system) 
 
Within the third phase of PMP, a proposal has been put forward on a draft amendment to 
Regulation 83 Annex 4 concerning particulate measurements [28]. The amendment proposal 
updates the mass measurement procedure according to the recommendation from the PMP and 
proposes a new procedure for measurement of particle number. The amendment proposal 
includes descriptions of most details in the measurement procedure. In short, the number 
measurement equipment includes a so-called Volatile Particle Remover (VPR) followed by a 
Particle Number Counter (PNC). The particle sampling point for number measurement should 
be located at the end of a dilution tunnel. The VPR provides heated dilution, thermal 
conditioning of the sample aerosol, further dilution and finally cooling of the sample prior to 
entry into the PNC. It is stated that the sample should be diluted in the range 1-1000 times in one 
or more stages to achieve a particle number concentration below 10000/cm3 and gas 
temperature below 35 °C at the particle number counter. The initial dilution stage should output 
a diluted sample at a temperature of at least 150 °C. The proposed dilution and conditions 
procedure correlates in detail with the specifications of the rotating disc diluter combined with an 
evaporation tube as proposed by Matter Engineering [37]. This methodology is sometimes 
referred to as post-dilution thermo-conditioning. Matter Engineering also advocate 
thermodilution, which means that a heated section is used where volatiles are evaporated, 
followed by hot dilution in the rotating disc diluter [37]. The stated requirements from PMP on 
the recommended particle number counter agree with the specifications of the condensation 
particle counter (CPC) model 3010 provided by TSI.  

1.8.3 The EMIR-2 Project 
The main objective of EMIR-2 was to comprise an assessment of present knowledge on health 
effects of engine exhaust particles. The purpose of EMIR-2 was also to guide EMIR-1 in 
developing a method for particle measurements that was “relevant from a health perspective”. 
The final report of the project was delivered in 2004 [38]. The assessment was based on existing 
original studies and on published reviews. Ongoing research funded by the US Environmental 
Protection Agency (EPA), the Health Effects Institute, and the EU was also taken into account. 
Technical data from the Swedish automotive industry on car and truck emissions have also been 
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available to the working group of EMIR-1. This type of information is less available in the 
scientific literature. The work performed within EMIR-2 has been in the form of working group 
consisting of both persons with technical background as well as those with a toxicological and 
medical background. The task for the working group of EMIR-2 was to find, compile and 
evaluate information from various scientific, medical and technical fields and to synthesize the 
data to an overall picture.  
 
The need from the EMIR-1 project for input from a health effect point of view forced the first 
part of the work within EMIR-2 to focus on only a few health-related issues with special 
relevance for the development of a particle measurement method. A first working group report 
was presented mid-way in the project. This report [39] tried to answer the question of the relative 
importance of the ‘nuclei’ and ‘accumulation’ mode particles from a health point of view. Based 
on the health-related information, it was concluded that  

- it is justified to focus on measuring particle mass.  

- it is important to get a correct measure of the accumulation mode particles. 

- no convincing evidence was found that nucleation mode particles would be more toxic than 
particles in the accumulation mode.  

The EMIR-2 report also addressed the question on whether or not to include volatile nucleation 
mode particles in the measurements. The recommendation from the working group of EMIR-2 
was to exclude the volatiles from the measurements. By excluding the volatiles, the method will 
measure only the solid fraction. Carbonaceous accumulation mode particles constitute the main 
part of the solid fraction and make up most of the mass. These particles survive for days or 
weeks in the atmosphere and thus represent a significant contribution to the exposure of exhaust 
particles. Several studies show that the lower the emissions of this kind, the lower the health risk. 
One of the reasons for not measuring the volatile nucleation mode particles would be that these 
nanoparticles commonly constitute up to 90 % of the particle number but only around 1-20 % of 
the particle mass [2]. If the integrated number of nucleation mode particles were used to compare 
for instance two engines, a series of conclusions contradictory with human health effects might 
arise. For instance would it appear better to not use particulate filters, as this equipment may give 
higher number of nanoparticles. It would also seem unfavourable to decrease the soot emissions 
of the engine, as a decreased soot fraction might initiate nanoparticles formation and thus 
increase the number of particles. Another factor to consider when deciding whether or not to 
include nucleation mode particles in the measurement procedure is that the expected legal 
requirements of particulate emissions are likely to cover accumulation mode only. Least but not 
last, it is by far easier to get a robust “every-day” method if the volatile fraction is excluded from 
the measurements. The work of producing the first report of EMIR-2 revealed several areas that 
needed to be penetrated further. Issues that have been regarded in the second part of the 
EMIR-2 project include:  

- Health risk assessment of droplets of heavy hydrocarbons  

- The atmospheric fate of volatile nucleation mode particles 

- The character of the ‘ultra fine’ particles. The question to answer is if they are basically 
non-volatile carbonaceous particles.  
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2 Measurement Principles 
To be able to understand the working principle of the instruments used for research within the 
EMIR-1 project, a basic understanding of the used selecting and detecting principles is needed. 
The following chapter describes some of these principles.  

2.1 Selecting principles 
When performing aerosol measurements, the particles are first selected, and then detected. 
Selection of the particles is done by sorting the particles by different properties such as charge, 
electrical and inertial mobility or diffusion ability. Each selecting principle has its advantages and 
its artefacts. For the number size distribution measurements performed within EMIR-1, bipolar 
charging and selection using electrical mobility in a Differential Mobility Analyzer (DMA) has 
been used. These principles are explained below together with some general information on 
charging of particles.  

2.1.1 Charging 
Several methods to measure aerosol properties are based on different ways to charge particles. 
Depending on how the charging is achieved, different particle properties can be selected and 
detected. There are several methods to charge particles; however, the final result will be either a 
bipolar or unipolar charge of the aerosol. The two names refer to the state of the final bulk 
charge of the aerosol. A bipolarly charged aerosol is characterized by an overall almost neutral 
state, hence containing both positively and negatively charged particles in equal proportions. In 
contrast, unipolarly charged particles are all charged either positively or negatively. 
 
An aerosol that is undisturbed for a sufficiently long time will come to an equilibrium state in 
which the total bulk charge is neutral. In this state, there is a symmetrical distribution of positive 
and negative charges which is well defined both theoretically and experimentally, and which is 
denoted ‘bipolar’. This state can be achieved more quickly using a radioactive isotope, usually 
85Kr, to create a bipolar aerosol. The equipment where the bipolar aerosol is obtained is often 
called ‘neutralizer’ [8], [40]. When a neutral aerosol is used in an instrument, its charge 
distribution is well defined and can be used to calculate the number of particles of a given size. 
The charge on each particle is nominally defined by the Boltzmann distribution, which gives the 
percentage of particles having a given charge (up to a maximum of six positive or negative 
charges). The Gunn model includes terms for ion concentration and mobility in the gas forming 
the aerosol and should be used for particles larger than 100 nm [41]. In practice, the Boltzmann 
distribution does not correctly predict the charge distribution and underestimates the charge on 
ultra-fine particles. Fuchs has developed a theory for the corrected charge distribution for ultra-
fine particles, which required numerical integration. Fuchs theory includes terms for the influence 
of the mean-free-path of the aerosol gas ions (usually air). This gives a non-symmetrical 
distribution, having a higher percentage of negative than positive charges. 

2.1.2 Electrical mobility  
Electrically charged particles can be distinguished into different size classes according to their 
differences in electrical mobility. The apparatus is in this work called Differential Mobility 
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Analyzer (DMA). The same apparatus can also be called Differential Mobility Spectrometer 
(DMS), Electrical Mobility Analyzer (EMA) or Electrostatic Classifier (EC).  
 
The DMA was initially developed for generating monodisperse aerosols. Particles are separated 
by their electrical mobility, which is the ability of an electrically charged particle to drift under an 
electric field, across a flow of gas. Physically, the DMA consists of a long cylinder with a 
concentric centre electrode. The long cylinder acts as neutral electrode. There are two concentric 
laminar flows of gas between the cylinder and the central electrode. The inner flow (which is 
typically around 10 l/min) is the particle free ’sheath’ air, while the outer flow (typically 1 l/min) 
is the particle-laden air. The electric field between the central electrode and the neutral cylinder 
causes particles with the opposite charge to be drawn through the flow of clean air. At the exit 
end of the cylinder, there is a slot in the central electrode through which a flow is drawn (typically 
1 l/min). Particles, which have too high a mobility, collide with the central electrode. Particles, 
which have too low a mobility do not cross the clean flow in time and are collected by a filter. 
Particles with the correct mobility for the electrode voltage pass through the slot with the flow of 
air. This air then contains just particles of one specific size and is therefore called a monodisperse 
aerosol.  
 
Since the force from the electric field is determined by the amount of charge on the particle, it is 
important to know what this charge is. It is therefore important that the charger is thoroughly 
characterized and functions properly, thus creating a well-defined charge distribution. Since the 
distribution is known, it is possible to calculate statistically the number of particles in each size. In 
practice, particles between 2 and 300 nm in diameter become charged with 1 positive or negative 
charge or no charge [42], but for particles with longer diameter each particle can carry more 
charges. A large particle with high drag (the phenomenon of resistance to motion through a fluid) 
but several charges can thus have the same electrical mobility, as a small particle with one charge, 
and the large particle will erroneously be measured as a small particle. This therefore requires the 
DMA to operate in the size range only up to 1 µm. An impactor can be used to make a cut-off 
and thus excluding larger particles with a charge of two or more that otherwise may enter the 
system and be wrongly sized. 
 
The instructions manual of the TSI Electrostatic Classifier model 3080 [42] gives the equations 
describing the working principle of a DMA. The size selected by the DMA is restricted by the 
geometry and the flows of the DMA and the high voltage applied as described in Equations 1 
through 4 [44]. The equations are based on the general laws for aerosol physics and are applicable 
also on the two DMA used in the current project. Figure 5 shows the flow schematics of the 
DMA including nomenclature.  
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Figure 5 Schematic of a DMA including nomenclature. 

Equation 1 describes the relationship between the particle electrical mobility, Z*p, and the DMA 
parameters:  

LV
rrQ

Z sh
p ⋅⋅⋅

⋅
=

π2
)ln( 12*  Equation 1 

where Qsh is the sheath airflow rate of the DMA, r1 the inner radius, r2 the outer radius, V the 
average voltage on the collector rod and L the length between the polydisperse aerosol inlet and 
the exit slit. In the present set-up all parameters are fixed except the voltage V. By varying the 
applied voltage, particles with different mobility can thus be selected.  
 
The particle electrical mobility, Zp, is defined according to Equation 2. In the case of balanced 
flows Zp = Z*p applies. Balanced flows is normally desired, meaning that Qsh = Qexcess and Qs = Qa 
where Qexcess is the excess flow exiting the DMA, Qs is the (near monodisperse) sample flow and 
Qa is the entering polydisperse aerosol flow. The particle electrical mobility, Zp depends among 
others on the particle diameter Dp:  

p
p D

CenZ
⋅⋅⋅
⋅⋅

=
μπ3

 Equation 2 
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where n is the number of elementary charges on the particle, e the elementary charge (1.6·10-19 
Coulomb), C the Cunningham slip correction factor as described in Equation 3 below and μ the 
gas viscosity (approximated with the viscosity of air being 1.81·10-4 dyne·s/cm2.) 
 
The Cunningham slip correction factor is a however a function of the particle diameter according 
to equation 3: 

)(1 KneKnC
γ

βα
−

⋅+⋅+=  Equation 3 

where Kn is the Knudsen number according to Equation 4. The mean free path λ = 0.033 and 
the constants α = 1.142, β = 0.558 and γ = 0.999.  

pD
Kn λ⋅

=
2

 Equation 4 

The particle diameter is thus needed to calculate the Cunningham slip correction factor, and this 
factor is needed to obtain the particle diameter from equation 1 and 2. This means that an 
iterative procedure is needed when calculating the specific size that is selected by setting a 
specific voltage.  
 
The data inversion consists of several parts. The counted particles have to be corrected for the 
transfer function of the DMA, slip correction, multiple charged particles, flows and measurement 
time. The transfer function is defined as a triangular shape where the proportions between the 
sheath and sample flow set the relation between the base and height. Since the impactor cuts of 
any large particles with multiple charges, the charge correction has to start at the largest size bin 
working downwards through the smaller size bins. Slip correction is the correction for drag-force 
on the particle due to its small size. The normal Stoke’s law for drag assumes a large surface 
compared to the gas’s mean-free-path, which causes small particles to ’slip’ through the gas faster 
than Stoke’s law predicts.  

2.2 Detection  
After the particles have been sorted, a detector registers the desired parameter. The condensation 
particle counter (CPC) described below is one of the most common ways to detect particles, and 
it is also the detector used for research within EMIR-1. Other common types of detectors 
include electrometers and resonant frequency detectors, which are not dealt with in this thesis.  

2.2.1 Condensation Particle Counter (CPC) 
A Condensation Particle Counter (CPC), also known as Condensation Nucleus Counter (CNC), 
is used to determine the number concentration of particles. It uses a diode laser in combination 
with a photo detector to register each particle, which passes through the measurement cell. In 
order to detect the particles, they must be of sufficient size to affect the laser beam. It is therefore 
necessary to grow the particles before directing them to the laser. Growing the particles is done 
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by first passing the aerosol through a heated section, usually containing butanol. The gas is then 
cooled, which causes the vapour to become saturated and condense onto the particles since they 
provide low-energy nucleation sites. The smallest detectable droplet determines the lower 
detection limit of the counter, which is dependent on the temperature difference between the hot 
and cool parts. The two most common models of counters from the manufacturer TSI work in 
the size range of 3 nm to 1 µm (model TSI 3025) and 10 nm to 1 µm (model TSI 3010). By using 
both single-particle count and photometric detection modes, the detector can be operated at 
concentrations up to 107 particles per cubic centimetre depending on model. Models of CPC 
exist that have a built-in coincidence correction in order to count particle overlap at high particle 
concentrations. Figure 6 shows a schematic of the CPC principle. 

 

Figure 6. Condensation Particle Counter (CPC) [1].  

The use of this instrument is widespread, and it can be used either as a stand-alone instrument to 
measure total particle concentrations with a relatively high time resolution (1 s), or in 
combination with a Differential Mobility Analyser (DMA) in order to measure size distributions.
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3 Differential Mobility Particle Spectrometer (DMPS) 
A Differential Mobility Particle Spectrometer (DMPS) uses a differential mobility analyser as 
selector and a condensation particle counter as detector and is built of single components. The 
denotation DMPS is often erroneously replaced by Scanning Mobility Particle Sizers (SMPS), 
which is a registered trademark for TSI Inc. and should only be used on the instruments made by 
TSI. The DMPS is extensively used in a wide range of sizing applications. It is a combination of 
two instruments: the DMA, which acts as a band-pass filter producing a monodisperse aerosol, 
and a CPC as the detector. A computer is used for controlling the measurements and data 
collection. By connecting the CPC to the exit of the DMA, it counts only the particles of the size 
selected by the classifier. By scanning the voltage of the classifier, the size of particles selected 
changes. For the TSI SMPS instrument, the voltage can be scanned from 10 to 10 000 V [43]. 
The control computer sets the DMA voltage, and then records the number of particles at that 
size counted by the CPC. The size data is displayed and recorded for the entire size range used. 
For the TSI SMPS instrument, this data is then manipulated to correct for known error sources, 
which are single charge probability, correction for multiple charges, transfer function width, 
DMA flow rates, CPC flow rate, measurement time, slip correction, impactor cut-point, and CPC 
and DMA efficiencies plus other efficiencies if defined by the user [43].  
 
The DMPS may be used on any polydisperse aerosol, which has a stable size distribution over 
time. Examples of this are gasoline and diesel engine exhausts from steady-state tests. The DMPS 
has a scan time (minimum 60 seconds for the SMPS), which prevents it from being used for 
particle size distributions of transients. By setting the DMA to a particular voltage, a DMPS can 
however be used to measure one particular particle size over a transient test [13], [19]. DMPS and 
SMPS instruments are used as reference instruments and are referred to in a large majority of 
papers on particulate measurement. The SMPS is suitable for measuring low-concentration 
aerosols, as the counting method makes it sensitive down to 1 particle/cm3. The maximum 
concentration of particles is set by the counting and correcting ability of the CPC. High 
concentrations of particles will cause rapid fouling of the internal components of the DMA, and 
high humidity gases may cause damage to internal components. The charging characteristics of 
particles are only well defined up to 1 µm in diameter and an impactor can therefore be used to 
remove larger particles. Since electrical mobility is determined by the relationship between size 
and charge, multiple charges affect the measurements.  
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4 Symbols and Abbreviations 
C Cunningham slip correction factor 
CPC condensation particle counter 
CRT continuously regenerating trap 
CVS constant volume sampler 
dp and Dp particle diameter 
DMA differential mobility analyzer  
DMPS differential mobility particle spectrometer / sizer
DPF diesel particulate filter 
DR dilution ratio 
EC electrostatic classifier 
EGR  exhaust gas recirculation 
EMIR emission research 
Kn Knudsen number 
Mk Miljöklass (Sw.), environmental class 
NEDC new European driving cycle 
PMP Particle Measurement Programme 
SMPS scanning mobility particle sizer 
SOF soluble organic fraction 
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