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Abstract

Epidemiological studies have shown a correlation between exposure to diesel exhaust aerosols and 
health problems. As diesel vehicles are widely used in traffic, and they are the most important 
contributor to the traffic aerosol emissions, the diesel aerosols from on-road engines constitute an 
important subject for aerosol research. The diesel aerosol from an on-road vehicle engine consists 
of  two  externally  mixed  modes  with  clearly  different  chemical  compositions.  The  soot  mode 
consists of carbonaceous, fractal-like particles with a diameter of 30‒200 nm, while the nucleation 
mode is mostly volatile, and has a geometric median diameter of 5‒30 nm. The emissions from 
mobile  or  stationary  diesel  power  plants  using  medium or  heavy  fuel  oil,  which  may  have  a 
considerable coarse mode and significantly different chemical charcteristics, are outside the scope 
of this study.

In recent years, the interest into the nucleation mode has been steadily growing, as it seems that the 
appearance of this particle mode is promoted by some modern vehicle technologies. Unlike soot 
mode,  which is  formed mainly during combustion,  the nucleation mode experiences significant 
changes or is even formed during the dilution of the exhaust after the exit from the tailpipe. In this 
thesis, computational methods are developed for the study of the nucleation mode in diesel exhaust. 

To improve the possibilities of the real-time measurement of the diesel exhaust,  data reduction 
methodology  of  the  Electrical  Low-Pressure  Impactor  (ELPI)  is  developed,  and  a  Bayesian 
algorithm is proposed for this purpose. The other objective of this thesis is the study of the growth 
and  formation  of  the  diesel  exhaust  nucleation  mode  during  sampling  and  dilution.  Tampere 
University of Technology Exhaust Aerosol Model (TUTEAM) and a simple, semi-empirical flow 
model are introduced to further this objective. In addition, we study the nucleation processes in 
diesel exhaust using classical nucleation theory for H2SO4‒H2O and NH3‒H2SO4‒H2O systems.

The numerical properties of the ELPI response functions are studied, and it is shown that using 
porous  ELPI  impactor  plates  has  only a  slightly  negative  effect  on the  ease  of  inversion.  The 
proposed algorithm is  shown to be able  to fit  bimodal  size distributions  if  both modes  have a 
geometric mean diameter of more than 30 nm.

Using TUTEAM, it is shown the classical model of homogeneous H2SO4‒H2O nucleation can give 
nucleation rates of the correct magnitude in most cases, and satisfactory quantitative reproductions 
of  the  aerosol  size  distributions  are  obtained  for  a  set  of  measurements.  However,  some 
observations of the diesel exhaust nucleation mode reported in the literature cannot be explained 
using the homogeneous binary nucleation of sulphuric acid and water. The introduction of ammonia 
does  not  change  this  situation.  Using  classical  model  of  ternary  NH3‒H2SO4‒H2O  nucleation 
changes  the  nucleation rates  so little  that  the eventual  effects  will  in  practice be less  than  the 
uncertainties of the models. Only when the Selective Catalytic Reduction technology is used, the 
ammonia may have an observable effect on nucleation rates. The results reported in this thesis give 
a quantitative theoretical basis to believe that there are at least two processes responsible for the 
formation of diesel exhaust nucleation mode. This is in line with several contemporary experimental 
studies.





Table of contents
Acknowledgements.............................................................................................................................7

List of publications.............................................................................................................................9

Nomenclature....................................................................................................................................11

Abbreviations....................................................................................................................................15

 1 Introduction..................................................................................................................................17

 2 Data reduction in aerosol measurement.....................................................................................19

 3 Modelling the nucleation and aerosol growth in diesel aerosol................................................24

 3.1 Chemical species in diesel exhaust aerosol............................................................................24

 3.2 Nucleation modelling..............................................................................................................25

 3.3 The exhaust plume and laboratory dilution systems..............................................................26

 3.4 Fractal-like nature of soot ‒ implications to particle density................................................28

 3.5 Aerosol dynamics....................................................................................................................30

 4 Experimental basis for computational studies...........................................................................34

 4.1 Measuring the kernel matrices...............................................................................................34

 4.2 Data for modelling: diesel exhaust aerosol measurement.....................................................34

 5 Applications...................................................................................................................................36

 5.1 Numerical properties of ELPI kernels....................................................................................36

 5.2 Inversion of ELPI data...........................................................................................................37

 5.3 Nucleation rate in diesel exhaust...........................................................................................38

 5.4 Modelling aerosol evolution...................................................................................................42

 6 Final remarks................................................................................................................................46

 7 References......................................................................................................................................48





Acknowledgements
The research for this thesis has been carried out in the Aerosol Physics Laboratory at Tampere 
University of Technology. No work described in this thesis would have been possible without the 
support  and  camaraderie  from  the  research  and  support  personnel  of  the  laboratory  and  the 
Department of Physics. Particularly, I'd like to thank my supervisor, professor Jorma Keskinen for 
his steadfast support and guidance. The researchers of the combustion aerosols sub-group, Docent, 
Dr. Annele Virtanen, Mr. Topi Rönkkö, Mrs. Jonna Kannosto and Mr. Tero Lähde also deserve my 
particular thanks. 

Of my colleagues outside the Laboratory, I am especially grateful to Docent, Dr Liisa Pirjola and to 
Docent, Dr. Hanna Vehkamäki, both of University of Helsinki. Their guidance in aerosol modelling 
has been invaluable. I also thank all the other coauthors and reviewers of the papers included in this 
thesis for their efforts. I thankfully acknowledge the financial support of the Finnish Academy of 
Science and Letters, Vilho, Yrjö and Kalle Väisälä Fund, and the financial contribution of TEKES, 
the Finnish Funding Agency for Technology and Innovation to the research projects part of which 
my work has been.

A researchers life does not solely consist of scientific work, however. The loving support of my 
parents and my brother Jouko has been very important to me and I am deeply thankful to them. Last 
but not least, I'd like to thank my beloved wife Johanna for providing the focus and meaning for my 
life.

Again, suppose this secretion is present and wind prevails; the heat is continually being thrown off,  
rising to the upper region, and so the wind ceases; then the fall in temperature makes vapour form 
and condense into water.  Water also forms and cools  the  dry evaporation when the clouds are 
driven together and the cold concentrated in them. 

(Aristotle: Meteorology, Book II, Part 4. Transl. by E. W. Webster)





List of publications
I

Marjamäki M., Lemmetty M., Keskinen J. (2005) ELPI response and data reduction I:Response 
functions. Aerosol Science and Technology.   39:575  ‒  582  .

II

Lemmetty  M.,Marjamäki  M.,  Keskinen  J.  (2005)  The  ELPI  Response  and  Data  Reduction  II: 
Properties of Kernels and Data Inversion. Aerosol Science and Technology.   39:583  ‒  595  .

III

Lemmetty,  M.,  Pirjola,  L.,  Mäkelä,  J.  M.,  Rönkkö,  T.,  Keskinen,  J.  (2006)  Computation  of 
maximum rate of water-sulphuric acid nucleation in diesel exhaust. Journal of Aerosol Science.   37:   
1596  ‒  1604  .

IV

Lemmetty,  M.,  Vehkamäki,  H.,  Virtanen,  A.,  Kulmala,  M.,  Keskinen,  J.  (2007)  Homogeneous 
ternary  H2SO4–NH3–H2O nucleation  and  diesel  exhaust:  a  classical  approach.  Aerosol  and  Air 
Quality Research.   7: 489  ‒  499  .

V

Lemmetty, M., Pirjola, L. Rönkkö, T., Virtanen, A., Keskinen, J. (2008) The effect of sulphur in 
diesel exhaust aerosol: models compared with measurements. Accepted for publication in Aerosol 
Science and Technology.

http://dx.doi.org/10.1016/j.jaerosci.2006.04.003
http://dx.doi.org/10.1016/j.jaerosci.2006.04.003
http://dx.doi.org/10.1080/027868291009189
http://dx.doi.org/10.1080/027868291009224
http://aaqr.org/VOL7_No4_December2007/3_AAQR-07-02-OA-0008_489-499.pdf
http://aaqr.org/VOL7_No4_December2007/3_AAQR-07-02-OA-0008_489-499.pdf




11

Nomenclature
Symbol Quantity

C[0, ∞) Vector space of continuous functions of the interval [0, ∞)

CC Cunningham slip correction factor

Cg Concentration of quantity g in the particles carried by gas

Ci Concentration of an inert gas present in the exhaust but negligible in clean air

Ci,0 Initial concentration of an inert gas present in the exhaust but negligible in clean air

CN Particle number concentration

D
Matrix used to calculate the nucleation rate, formed from the second derivatives of 
the free energy of formation and from the kinetic growth rates

D2 Matrix taking the numerical second derivative

daero Aerodynamic diameter

Df Fractal dimension

dg1 Geometric mean diameter of mode 1

dg2 Geometric mean diameter of mode 2

dmob Mobility diameter

dp Particle size, without regard to the definition

dp
* Critical cluster diameter

dprim Diameter of primary particles

DR Dilution ratio

DR,f Final dilution ratio

e Elementary charge

f Vectorized form of particle size distribution

Fe Normalization constant for nucleation rate

fg Particle size distribution of quantity g

fN Particle number size distribution

fN,nucl Size distribution of the nucleation mode

fN,soot Size distribution of the soot mode

freq Result of a regularization algorithm

g Arbitrary quantity, arbitrary function

I Rate of particle volume change

I The output vector [I1, I2,..., In]T of the linear instrument

I'i The i-stage current calculated from size distribution θ

Ii Response of the ith channel of an linear instrument, usually ELPI

J Nucleation rate

K Coagulation kernel
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Symbol Quantity

K Instrument kernel matrix

kb Boltzmann constant

ki ELPI impactor kernel function

Ki The response function of the ith channel

KNN,k,l
Coagulation kernel for intra-mode coagulation of the nucleation mode particles of 
bins k and l

KSN,k,l
Coagulation kernel for inter-mode coagulation of soot mode particles of bin k and 
nucleation mode particles of bin l

KSS,k,l
Coagulation kernel for intra-mode coagulation of the soot mode particles of bins k 
and l

L Matrix incorporating a priori information in generalized Tikhonov regularization

m Number of discretization points of fN

mliquid Mass of the liquid condensed on the soot particle

msoot Mass of the dry soot particle

n Number of ELPI channels

N(t+1)
m,i The number of m-mode particles in bin i during the next time step

N1 Number concentration of mode 1

N2 Number concentration of mode 2

Nm,i Number of i-bin, m-mode particles

nm,i,j Mole number of species j in m-mode, i-bin particle

Nsurviving
m,i Number of i-bin, m-mode particles surviving the size step

P PI Probability that particle size distribution θ would produce the measurement I

P Ppost I Post-measurement probability that particle size distribution θ would produce the 
measurement I

P(I) Probability of measurement I occurring at all

P0(θ) A priori probability of θ

pi,s Saturation pressure of species i over a curved surface of a solution of interest

Pn ELPI particle charging efficiency

Q Flow rate

RC,m,i,j Condensation rate of species j on m-mode, i-bin particle

Rw,m,i Wall loss rate of m-mode particles in size bin i

t Time

T Absolute temperature

T0
Absolute temperature of the gas in which nucleation takes place far away from the 
molecular cluster.

Tf Final temperature
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Symbol Quantity

Ti Initial temperature

V Volume of the particle

Vdispl Displacement volume

Vdispl,soot Displacement volume of the dry soot particle

Vdispl.liquid Displacement volume of the liquid condensed on the soot particle

vi,l Molecular volume of species i in the liquid phase

Vmob Mobility volume

Vmob,soot Mobility volume of the dry soot particle

Vθ Vector space of acceptable values of θ

x ln dp

xi Mole fraction of species i

xi
* Mole fraction of species i in the critical cluster

ym,i The size of surviving m-mode, i-bin particles after the time step

α Arbitrary number related to the definition of g or the degree of ill-posedness

β Arbitrary number related to the definition of g

δ Kronecker delta or Dirac delta function

Δnm,i,j Change of mole number of species j in m-mode, i-bin particle

ΔNm,i→κ The contribution of the m-mode particles in bin i to the bin κ for the next time step

Δt Time step

Δφ* Formation energy of the critical cluster

ε Instrument error vector

εi Error of the channel i

θ [N1, σg1, dg1, N2, σg2, dg2]T

κ The number of the bin corresponding to inf {i∈ℕ:diym, i}

λ
Regularization parameter or the absolute value of the negative eigenvalue of matrix 
D

ρ Density

ρ0 Unit density, 1 g/cm3

ρeff Effective density

ρliquid Density of the liquid condensed on the soot particle

ρprim Density of primary particles

ρsoot Density of the dry soot particle

σ Surface tension

σc Constant part of the standard deviation of the measurement

σg1 Geometric standard deviation of mode 1

σg2 Geometric standard deviation of mode 2
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Symbol Quantity

σi
Standard deviation of the error of stage i or the ith singular value of the kernel 
matrix

σv Variable part of the standard deviation of the measurement

τc Time constant of cooling

τd Time constant of dilution
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Abbreviations

APS Aerodynamic Particle Sizer

CPC Condensation Particle Counter

DMA Differential Mobility Analyzer

DPF Diesel Particulate Filter

ELPI Electrical Low-Pressure Impactor

GDE General Dynamic Equation

GMD Geometric Mean Diameter

GSD Geometric Standard Deviation

OECD Organization for Economic Cooperation and Development

PM10 Suspended Particulate Mass of particles with a diameter less than 
10 µm

PM2.5 Suspended Particulate Mass of particles with a diameter less than 
2.5 µm

SCR Selective Catalytic Reduction

SMPS Scanning Mobility Particle Sizer

TUTEAM Tampere University of Technology Exhaust Aerosol Model

VOAG Variable Orifice Aerosol Generator

VOC Volatile Organic Compounds 
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 1  Introduction
Since 1930's, one of the most important factors motivating aerosol research has been their health 
effects. The first observations of the health effects of aerosols were made in industrial settings, 
where the aerosol concentrations were extremely high.  On the other hand, the health effects  of 
everyday urban aerosols did not become known before the study of Dockery  et al. (1993) who 
showed a clear epidemiological connection between suspended particulate matter  and mortality. 
Subsequent studies have strengthened this result and given clues on the mechanisms causing the 
health effects. (E.g. Brunekeef et al. 1997, van Roosbroeck et al. 2006, Pope and Dockery 2006). In 
particular, it seems that ultrafine particles may have especially serious health effects (e.g. Mauderly 
2001, Su et al. 2008).

Since traffic is in most industrial cities the most important source of fine particles, the particulate 
emissions from traffic have been an important focus of research interest since mid-1990's. Among 
different mobile particle sources, the heavy-duty diesels engines of on-road vehicles are the most 
significant single source category (E.g. Johnson et al. 2004). This has motivated research into diesel 
particulate emissions.

The diesel emissions consist of carbon dioxide, carbon monoxide, oxides of nitrogen and sulphur, 
different  volatile  and  semivolatile  organic  compounds,  and  particulate  matter.  As  a  result  of 
environmental and climatological concerns, all emission categories have been strongly limited by 
regulative  actions  throughout  the  OECD.  The  main  technological  problem is  the  simultaneous 
reduction of both NOx and soot emission. The soot emission can be easily reduced by increasing the 
stoichiometric air-to-fuel ratio, but this increases the engine temperature, finally resulting in higher 
NOx concentrations. Thus, in on-road applications, exhaust after-treatment is often used to achieve 
the regulated emission levels.

The  exhaust  aerosol  of  an  on-road  diesel  engine  using  light  fuel  oil  is  formed  of  two  main 
components. The soot mode, sometimes called the accumulation mode, is formed in the engine 
during  combustion.  It  is  composed  of  mostly  carbonaceous  particles  with  a  geometric  mean 
diameter  (GMD) around 40‒100 nm.  During  cooling,  a  liquid  phase  consisting  of  semivolatile 
compounds often condenses on this aerosol component. The physical properties of this aerosol have 
been rather well-known for an extended period of time. (E.g. Kittelson 1998, Virtanen et al. 2002a) 
On the other  hand,  the diesel  exhaust  also includes  a  so called nucleation mode,  consisting of 
particles most often around 10‒20 nm, but sometimes reaching even sizes around 40 nm. This mode 
usually is mostly volatile and in many cases, it seems to have been formed during the dilution and 
cooling of the exhaust. The nucleation mode can be repeatedly produced from the engines both in 
laboratory and outdoors settings. (E.g. Gieschaskiel et al. 2005, Rönkkö et al. 2006) In the studies 
of urban atmosphere,  the particles at  same size range have been observed (E.g.  Harrison  et al. 
1999), and it has been shown that the nucleation mode, once formed, does not vanish during the 
dilution process, becoming gradually a part of the urban background aerosol (Virtanen et al. 2006). 

This thesis aims to present computational aspects  encountered when measuring the diesel aerosol 
with  the  Electrical  Low  Pressure  Impactor  (ELPI,  Keskinen  et  al. 1992)  and  modelling  the 
formation and growth of the diesel aerosol. In both cases, the focus of the work is in the nucleation 
mode. The data reduction methods presented have been developed with the purpose of enabling the 
real-time detection of nucleation mode with the available ELPI instruments. On the other hand, the 
formation  and growth  of  nucleation  mode is  studied using  computational  models  of  increasing 
complexity.

This  thesis  comprises five scientific  papers.  Paper I  presents experimental determination of the 
ELPI response functions and gives mathematical expressions needed to construct the ELPI kernel 
matrices for different instrument set-ups. Paper II presents an analysis of the ELPI kernel matrices 
and proposes a Bayesian inversion algorithm for determining the parameters of modes measured 
with the ELPI. In Paper III, we propose a crude method for approximating the dilution and cooling 
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of the diesel exhaust, and we use a parameterization based on classical nucleation theory to study 
whether  the  homogeneous  nucleation  of  water  and  sulphuric  acid  can  occur  in  different 
experimental situations. Paper IV extends this study to the ternary homogeneous nucleation using 
the classical nucleation theory to study water–ammonia–sulphuric acid system, and proposes  a 
correction to the previously used computational nucleation scheme. In paper V, the results of papers 
III and IV are used as a basis for aerosol dynamics models to give a quantitative picture of the 
evolution of diesel exhaust during the first second after the exit from exhaust pipe. At the same 
time, the proposed new Tampere University of Technology Exhaust Aerosol Model (TUTEAM) is 
validated against the AEROFOR model (Pirjola 1999, Pirjola and Kulmala 2001).

For over a century, almost all new scientific work has been a result of collaboration. This applies 
also to the research presented in this  thesis. In particular, Dr. Marko Marjamäki bore the main 
responsibility for the measurements and calculations of Paper I, while the author only contributed to 
the measurements and the writing of the paper. In all other papers, the author has had the main 
responsibility for choosing the approach, writing any novel algorithms or models presented, running 
the  simulations  and writing the  paper.  However,  in  Paper  V,  Docent,  Dr.  Liisa  Pirjola  ran  the 
simulations where the AEROFOR model was used. 

This thesis begins with an extended summary of the papers. First, the reader is introduced to the 
concepts of aerosol measurement and data reduction. This is followed by a discussion of classical 
nucleation theory,  as  applied  to  diesel  aerosol.  The theory  part  of  the  summary is  ended by a 
discussion of the most important aspects of aerosol dynamics modelling. Then, the main results 
obtained in the papers of this thesis are presented in a chapter. The thesis ends with conclusions 
reached on the basis of the results.
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 2  Data reduction in aerosol measurement
Most natural aerosols consist of carrier gas and particles with size ranges spanning several orders of 
magnitude.  Traditionally,  a mesoscopic object is considered an aerosol particle if it  can remain 
suspended in air for several seconds (E.g. Hinds 1999, p. 2), although the actual upper size limit 
depends on application. The size limit between aerosol particle and a molecular cluster has not been 
defined with any accuracy either. In practice, the lower limit has been defined by measurement 
technology available. When, as in the study of Kulmala et al. (2007), a continuous size spectrum 
from molecular clusters to ultrafine aerosol particles is available for measurement, terms ”particle” 
and ”cluster” are used rather  interchangably for molecular clusters below 3 nm. Nowadays, upper 
limit  of  interest  has  been  10 µm,  which  is  the  upper  limit  of  the  most  widely  used  ambient 
suspended particulate mass standard.

The Electrical Low Pressure Impactor is an instrument that at its conception during the early 1990's 
was  designed  for  measuring  especially  the  PM2.5  size  fraction.  The  cutpoint  diameter  of  the 
preimpactor  was  set  to  9.99 µm,  corresponding  to  the  PM10 standard  and  the  lowest  cutpoint 
diameter was chosen to be 30 nm, which was rather low in the early 1990's. (Moisio 1999, p.  ix; 
Marjamäki 2003, pp. 7–8.) The lower size limit was later decreased with the electrical filter stage 
(Marjamäki  et al. 2002) which made it possible to measure particles below 30 nm. After this, the 
ELPI lower size limit  was determined by the secondary collection in the aerosol  charger.  This 
makes it nearly impossible for particles below 5 nm to reach the filter.

In an impactor, particles impacting the impactor plate have high velocities, which in some cases 
may  cause  them to  “bounce”  and  be  re-entrained  back  to  the  gas  flow.  Afterwards,  such  re-
entrained particles may experience one or more successive bounces, as their impact velocity on the 
plate becomes higher on each successive stage. (Dzubay  et al.  1976.) The error caused by this 
phenomenon is exceedingly difficult to  correct for and must be minimized. With the ELPI, the 
usual method is greasing the impactor plates, but in addition, porous substrates (e.g. Reischl and 
John 1978) may be used (Marjamäki  et al. 2000a). Impactor plates with a porous substrate are 
especially useful when the impactor plates become heavily loaded during the measurement. In such 
cases, the loading increases the particle bounce, but the performance of the porous substrate plates 
deteriorates much slower. (Tsai and Chiang 1995.) 

The aerosol size distribution is a continuous function of particle size. In general sense, it may be 
given as 

f g=fg x =
dCg

dx
(1)

Here, the x is a function of particle size dp while Cg is the concentration of some physical quantity of 
particles in the carrier gas. In practice, concentration Cg is proportional to the number concentration 
CN,  and  as  the  particle  size  spans  several  orders  of  magnitude,  we choose  x = ln dp.  With  this 
notation, we have

f g=fg lndp=
d

d lndp

g dpCN dp=dp
d
ddp

g dpCNdp (2)

The usability of this notation is evident, when we integrate equation 1 over all particle sizes. Then, 
the total concentration Cg gets a simple form

Cg=∫
0

∞

f g lndpdlndp

In practice, the quantity of interest is the particle mass, volume, area or number concentration. This 
means that in most cases, 
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g dp=dp


Here, the term α is usually unity but when we are interested in mass, it is the particle density. Term 
β, on the other hand, is the moment of distribution. If we denote the number size distribution with 
fN, all other concentrations can be calculated from the number concentration by setting

Cg=∫
0

∞

dp
fNlndpdlndp

When the particles are measured with a linear instrument, the response Ii of the ith channel can be 
calculated from the instrument response function Ki:

Ii=∫
0

∞

K i x fNxdxi=〈K i , fN〉i=K i
TfNi

The two last forms are obtained by recognizing that as both Ki and fN are continuous functions, this 
is the inner product of the vector space C[0, ∞). The term  εi denotes the measurement error of 
channel  i. As we group the responses of the channels into a vector  I = [I1, ..., In]T, we get a linear 
expression.

I=KfN (3)

This is the problem that must be solved in order to get the particle size distribution from the raw 
measurement result. In practice, we discretize the particle size distribution and the kernel function 
to m size bins. As a result, K becomes a n × m matrix, the numerical properties of which define the 
difficulty of the inversion problem. 

The ELPI kernel matrix consists of two parts. The first part of the matrix is the collection efficiency 
of the ELPI impactor stages, which we may denote as ki(dp). This quantity is simply the probability 
that a particle of size dp is deposited on the impactor stage i. The ELPI does not measure particles, 
however, but the current induced on each stage via the electric charge carried by the particles. This, 
in turn, is dependent on the particle charge number Pn(dp). Thus, a single particle depositing on the 
stage i will also deposit an electrical charge Pn(dp)e, where e is the elementary charge. As a result, 
the kernel function of the single stage will have the form

K i dp=k i dpPndpeQ (4)

where Q is the sample volume flow rate through the impactor.

There are numerous ways to solve the inverse problem of equation  3.  Here, we do not aim to 
provide  a  full  and  general  overview  of  all  available  inversion  methods,  but  to  provide  such 
background which is necessary for understanding the method presented in this work. A very good 
overview of methods has been published by Hansen et al. (1998). The straight-forward method of 
solving  f by least-squares  method almost  invariably  results  in  a  wildly oscillating,  numerically 
unstable solution that has no physical significance. To obtain a meaningful result, one must always 
apply  a priori knowledge: we must know what characteristics the measurement result is likely to 
have. One of the earliest, and most wide-spread methods of applying  a priori  knowledge are the 
standard and generalized Tikhonov regularizations (Tikhonov 1963). In these methods, the result f 
is calculated by solving

f reg=argmin {∥I−Kf∥
2


2
∥Lf∥2 } (5)

Here, the first term is the norm of the difference between the measurement and the measurement 
calculated from the regularization result. The second term, on the other hand, incorporates the  a 
priori information to the matrix L. In standard Tikhonov regularization, L is a unit matrix, while in 
generalized Tikhonov regularization, it may take any form. In practical aerosol applications, D2, the 
matrix taking the numerical second derivative of  f, is probably the most typical. Numerous other 
methods  widely  in  use  may  either  be  proved  to  result  in  the  solution  of  equation  5 or  to  be 
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generalizations of the method. In practical numerical work, the result of Tikhonov regularization is 
usually  obtained  by  a  recursive  algorithm,  as  matrix-form  solutions  of  equation  5 become 
computationally prohibitively expensive.

One of the main problems of the Tikhonov regularization is the fact that the result does not have 
any fixed boundaries and may have utterly unphysical characteristics. In aerosol applications, the 
most visible unphysical result is an freq which has negative values. This may be corrected either by 
brute force (changing all negative values to zeroes after regularization) or by using a non-negativity 
constraint during the regularization process. After the addition of such nonlinear constraint,  the 
inversion result cannot be obtained by analytical methods, and an optimization algorithm must be 
used. In aerosol science, the most widely used algorithm with a non-negativity constraint is the 
MICRON algorithm by Wolfenbarger and Seinfeld (1990).

In equation  5, the impact of the  a priori information is regulated by the choice of regularization 
parameter λ. A correct choice for this parameter is paramount for the regularization to succeed. A 
number of methods have been presented, e.g L-curve method (Miller 1970) and generalized cross-
validation (Golub 1979). However, regardless of regularization algorithms, the best regularization 
results are in many cases obtained by setting the parameter manually.

In many cases, the experimentalist is interested in knowing the parameters of the size distribution he 
is  measuring.  As  many  aerosols  (especially  atmospheric  and  diesel  exhaust  aerosols)  may  be 
expressed as multi-modal log-normal particle size distributions (E.g. Seinfeld and Pandis 1998, p. 
421; Kittelson 1998), the parameters of interest are usually the geometric median diameter (GMD), 
total particle concentration and geometric standard deviation (GSD) of the particle modes. These 
may, naturally, be inferred from the regularization result of a typical particle size distribution, but if 
the parameters of the size distribution are of interest, the most aesthetically pleasing way to obtain 
them is to have the inversion procedure to return these parameters as its result. 

With  the  ELPI,  there  are  more  than  aesthetic  reasons  to  use  inversion  to  fit  a  bimodal  size 
distribution to the measurement data. In usual mass-collecting impactors, the lognormal curves can 
be fitted straight to the measurement data. However, the ELPI measures current, and we wish to get 
a particle size distribution. Thus, many of the methods used with traditional mass impactors become 
unusable. In Paper II,  we present a Bayesian method for obtaining the parameters of a bi-modal 
size distribution measured with the ELPI, modifying and automating the algorithm presented for a 
mass impactor by Ramachandran and Kandlikar (1996). The bi-modal size distribution has the form

f d=
N1

2g 1dp

exp[ 12  lndp−lndg 1
g1


2

] N2

2g2dp
exp[12  lndp−lndg2

g 2

2

] .

Here, N1, N2, dg1, dg2, σg1 and σg2 are the number concentrations, geometric median diameters and the 
geomatric standard deviations of the respective modes. Together, these six parameters form a six-
dimensional  vector  ∈V where  Vθ is  a  six-dimensional  space  of  physically  acceptable 
parameters of the bimodal particle size distribution. In further discussion, we identify the vector θ 
with the particle size distribution produced by it.

In Bayesian methods, the use of regularization parameters is avoided by introducing the  a priori 
information in a forms of probability densities. According to the formula developed by Bayes, the 
probability that a size distribution θ  gives a measurement I is

Ppost I=
P0PI

P I
(6)
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Here, the P0(θ) is the probability that the size distribution θ occurs at all. P(I) is the probability that 

the current I occurs. The probability PI is the probability that the particle size distribution θ 

would cause the measurement result  I. Of the three terms, the  P0(θ)  and  PI carry most  a 

priori information. If we knew the form of the particle size distribution, it could be inserted to the 
P0 as a probability density of different size distributions. When fitting the bimodal distribution, we 
cannot do this, however, as the a priori knowledge on the form of the size distribution is used when 
reducing the m-dimensional vector f to six-dimensional vector θ. Thus, we use choose the P0 to be 
constant within Vθ.

The information on the measurement error is introduced in the probability distribution  PI  

which  represents  the  possibility  to  obtain  the  actually  measured  value  of  I with  an  arbitrary 
distribution θ. In Paper II, the measurement error of each channel is taken to be independent and 
normally distributed, with a standard error of  measurement

 i=cvIi , 

where  the  σc is  the  constant  part  of  the  measurement  error  and  σvIi is  the  portion  of  error 

proportional to the channel current Ii. After calculating the probabilities of all stages PIi  , the 

conditional probability distribution has the form

PI=∏i=1
n

PIi =∏i=1
n

1

2  i

exp[12  Ii−I 'ii 
2

]
Here, the I'i is the  i-stage current calculated from the kernels for distribution θ.

The third term, P(I), is the probability of measuring the current I with some distribution. It is simply 
the integral over all probabilities

P I=∫
V

P0 PIdV (7)

Here, the a priori knowledge of the probabilities of different size distributions is placed into P(θ), 
but in our application, we use constant value P0(θ) for all acceptable values of θ. The substitution of 
Equation 7 and the constant value of P0(θ) to Equation 6 produces the form

Ppost I=
PI 

∫
V

PIdV
. (8)

The  final  result  of  a  Bayesian  algorithm is  always  chosen  from the  probability  distribution  8. 
Typically, we might try to choose either the maximizing value or the expectation value. Here, we 
choose the expectation value. To calculate the expectation value, we need a good sample of values 

of  Ppost I .  This  is  done utilizing a  Latin  Hypercube method (e.g.  Keramat and Kielbasa 

1999), which, in this case, proved to give a good sample much faster than Markov Chain sampling. 
With Latin Hypercube sampling, the estimate of the expectation value is
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〈〉=∑
j

 jPpostjI=
∑
j

 jPI j
∑
j

PI j
.

The sample is taken from a space V which is chosen by an automated algorithm. This was a novel 
contribution made in Paper II, as previous research (e.g Ramachandran and Kandlikar 1996) had 
used manual methods to get the initial estimate of θ. The initial estimation of the characteristics of 
the bimodal distribution is made using the pseudoinverse of the kernel matrix:

f guess=K
†I

where K† is the pseudoinverse of the kernel matrix. The peaks corresponding to the particle modes 
are then recognized using the method described in detail in Paper II. After the peak locations and 
the  estimates  of  their  integrals  are  obtained,  the  acceptable  ranges  of  the  mode  number 
concentrations and GMDs are fixed around the initial estimate values.



24

 3  Modelling the nucleation and aerosol growth in diesel 
aerosol

 3.1 Chemical species in diesel exhaust aerosol

Compared to its most important alternative, the Otto-cycle engine, the diesel engine is capable of 
achieving a better fuel efficiency, while using a cheaper fuel. However, the increase in efficiency 
does not  come without a price.  In the Otto-cycle,  the fuel is  mixed with air  in inlet  manifold, 
resulting in a more homogeneous fuel‒air mixture and rather low soot particle formation during 
combustion.  In  the  diesel  engine,  the  fuel  and  air  are  mixed  only  in  the  cylinder.  During 
combustion, the injected droplets evaporate and the fuel burns in gaseous phase. In the immediate 
vicinity of each droplet, the atmosphere is reducing, although on the macroscopic level, the fuel‒air 
mixture has a clear excess of air compared to the stoichiometric mixture. Thus, not all material 
present in the fuel will burn. The rest of the fuel remains as carbonaceous soot or as volatile organic 
compounds. (A good theoretical overview of the process may be found in Taskinen 2005). In this 
thesis, we concentrate on discussing the emissions from on-road engines which consume light fuel 
oil.  The  characteristics  of  the  emission  from  engines  using  medium  or  heavy  fuel  oil  (e.g. 
powerplants or ship engines) are significantly different.

The formation of the soot may be reduced by making the fuel‒air mixture leaner. However, this 
entails  a  higher  combustion  temperature,  a  worse  fuel  economy and larger  NOx emissions.  To 
obtain emission levels required in current engine standards, it is necessary to use exhaust after-
treatment methods in addition to engine technology. There are two main approaches to the exhaust 
after-treatment. If the engine is used at high temperatures to minimize the soot production, the after-
treatment system focuses on the reduction of NOx using a reducing catalyst.  Selective Catalytic 
Reduction (SCR) is often used in the catalysts of such systems. In this case, urea is injected into the 
exhaust to reduce NOx to nitrogen. (e.g. Schnelle 2001, Ch. 17.2.2.2) For NO, the reaction is

H2N−C O −NH2H2O2 NH3CO2

4 NH34 NOO24 N26 H2O

With the SCR, most of the urea does indeed react into ammonia. However, not all ammonia is 
oxidized into nitrogen. In a phenomenon called ammonia slip, part of the ammonia escapes into the 
exhaust stream and is emitted into the atmosphere. Consequently, the exhaust of a vehicle fitted 
with an SCR-type after-treatment has ammonia concentration of 3‒10 ppm (Koebel et al. 2004).

The opposite principle of exhaust after-treatment is to use rich fuel mixture, with the corresponding 
low NOx emissions.  Then, the resulting organic compounds and carbon monoxide are oxidized 
using  an  oxidization  catalyst,  which,  however,  allows  most  of  the  soot  particles  to  pass  (e.g. 
Vaaraslahti  et al. 2006). If particle concentration are to be lowered, a filter of some type must be 
used. Typical choices include closed (Diesel Particle Filter, DPF) and open filters (e.g Lehtoranta et 
al. 2007). The drawback of using oxidizing aftertreatment is the non-welcome oxidization of SO2 to 
SO3. Without the oxidization catalyst, the fraction of available sulphur oxidized into SO3 may be as 
low as 1 % (Sorokin et al. 2004, for aircraft plumes). With the oxidization catalyst, up to 100 % of 
available sulphur is oxidized into SO3 (Giechaskiel et al. 2007).

As a  result  of  the  above discussion,  we may note  that  the  diesel  exhaust  aerosol  includes  the 
following gas components, which have a possibility of entering liquid or solid phase at relevant 
temperatures:

● H2O. The concentration may be calculated stoichiometrically, when the air-to-fuel ratio is 
known from CO2 measurement.
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● SO3 as H2SO4. If the SO2-to-SO3 conversion is known, the concentration may be calculated 
stoichiometrically. (Discussed in Paper III.)

● NH3.  If SCR is used, NH3 is present due to urea slip.  Otherwise a minor by-product of 
reactions, the concentration of which is unknown. (Discussed in Paper IV.)

● Semi-volatile organic compounds, which may be hydrophobic or hydrophilic (Mathis et al. 
2004a).  Concentrations  in  specific  situations  and chemical  properties  are  unknown.  The 
concept of semi-volatile organic compounds is discussed in detail by Anttila et al. (2002).

From this list, it is easy to see which are the most natural pathways for the modelling effort of diesel 
aerosol.  Happily,  the  systems  with  H2SO4,  NH3  and  water  have  been  studied  for  years  in 
atmospheric science. Thus, the modeller may start from the shoulders of giants, simply using the 
existing tools to a different environment. The most striking changes between the diesel exhaust and 
atmosphere are the much larger gas and particle species concentrations, higher temperatures and 
characteristic times. On the other hand, the aerosol results from an anthropogenic process, which is 
easy to study in the laboratory. This provides for easier verification of the models.

 3.2 Nucleation modelling

Nucleation as a phenomenon has been researched since the 19th century (For a review of the earliest 
studies, see Podzimek 2000). The theoretical underpinnings of the classical nucleation theory were 
laid,  alongside  with the rest  of  classical  thermodynamics,  during  the  late  19th century,  and the 
classical nucleation theory was derived by Becker and Döring (1935) and Zeldovich. Since then, the 
work on nucleation theory has continued, with the theory expanded into numerous directions (e.g. 
Hale 1986;  Evans  1979;  Vehkamäki 2004).   A very good overview of the classical  nucleation 
theory,  with  some  remarks  on  non-classical  theory  improvements,  has  been  published  by 
Vehkamäki (2006). Further overview of the recent developments in non-classical nucleation models 
has been published by Merikanto (2007, Chapters 4 and 5). In this work, we limit our discussion to 
classical nucleation theory. It must be noted, that the classical nucleation theory suffers from severe 
self-consistency problems, and the theory simply fails with several systems. Yet, with the exception 
of Quasi-Unary Nucleation theory (Yu 2006),  the classical theory is the only one that is mature 
enough to be used for calculation of nucleation rate at the high temperatures and nucleating species 
concentrations discussed in this thesis. 

In classical nucleation theory, the thermodynamical properties of bulk liquids are used to calculate 
the properties of molecular clusters. The effect of size on the thermodynamics of a droplet is given 
by the Kelvin equation, which shows the increase of the saturation pressure with the increase of the 
droplet size

pi ,s=pi ,eexp4 v i , ldpkbT 
Here, pi,e is the saturation partial pressure1 of i-species over a flat surface of the liquid of interest, σ 
is   the   surface   tension,  vi,l is  the  molecular  volume  of  i-species  in  the  liquid  phase,  kb is  the 
Boltzmann constant and T is the absolute temperature. As a result of the Kelvin equation, we have 
at any supersaturation a minimum size, below which the droplets will evaporate. This size is called 
the critical cluster size dp

*. However, in any situation, the molecules present in the gas phase have a 
tendency to form clusters. These clusters are usually thermodynamically unstable and break down 
quite rapidly. However, in supersaturated conditions, a portion of clusters eventually grows to the 
critical size and becomes thermodynamically stable.

In the multicomponent case, the nucleation rate takes the form

1 Here, one must take into account that in the multicomponent case, the saturation partial pressure of the liquid varies 
as a function of the liquid composition. In our application, the liquid of interest is a bulk solution with same 
composition as the critical cluster.



26

J=
∣∣

−∣D∣
Feexp−*kbT 0


Here, the term Fe is a normalization constant and D is a matrix formed from the second derivatives 
of the free energy of formation evaluated at the critical cluster size and a matrix containing kinetic 
growth rates. As a particular feature of the theory, we are always assured that D always has one and 
only one negative eigenvalue. This is denoted with ‒λ. In Paper IV, the classical model of H2O‒
H2SO4‒NH3 system by Anttila et al. (2005) was improved by fixing a minor error in the calculation 
procedure of this quantity.

For the calculation of nucleation rate, the most important parameter is the free energy of formation, 
Δφ*, of the critical cluster. In addition, the critical cluster size  dp

*  and the mole fractions of the 
species  in  the  critical  cluster  {xi

*}  are  of  particular  importance.  All  these  quantities  must  be 
calculated  from  a  thermochemical  model,  which  gives  the  chemical  potentials  and  activity 
coefficients of the species. In Paper IV, we used the thermochemical model published by Clegg et 
al. (1998) for the nucleation model.  In the systems studied in this  work,  there is  an additional 
complication: the equilibrium concentrations of the most simple cluster species do not follow the 
classical evaporation model. On the contrary, the most typical species of the H2O‒H2SO4 system is 
usually  the  hydrated  trimer  [H2O]2H2SO4,  and  in   H2O‒H2SO4‒NH3 systems,  the  ammonium 
bisulphate  cluster  is  the  most  stable  species.  Depending  on  the  reaction  mechanisms,  the 
concentrations of the monomers  are  strongly affected by the formation of such clusters.  In the 
models  and parameterizations  used  for  the  studies  of  this  thesis,  these  effects  were  taken  into 
account, and they had been previously discussed by Vehkamäki  et al. (2003) and Anttila  et al. 
(2005). 

The  calculation  of  nucleation  rate  for  multicomponent  system  using  even  classical  model  is 
computationally  rather  time-consuming.  Because  of  this,  the  results  of  a  model  may  be 
parameterized. This means that a function is fitted to a finite number of calculated nucleation rates, 
critical cluster sizes and compositions. In Papers III and V, such parameterization by Vehkamäki 
et  al. (2003)  was  used.  In  practice,  the  nucleation  rate  is  a  very  steep  function  of  the  vapour 
concentrations  and  densities.  A change  of  one  magnitude  in  sulphuric  acid  concentration  may 
change the nucleation rate by 10 orders of magnitude. The nucleation rate is even more sensitive to 
temperature.  Here,  a  temperature change of  10 K may cause the nucleation rate  change by ten 
orders  of magnitude. Thus, the fits are usually in form

ln J=f T, {pi }=exp [g T, {lnpi } ]
Here, g is a rational function of T and the logarithms of partial pressures.

 3.3 The exhaust plume and laboratory dilution systems

The dilution of the exhaust at any particular time and place is characterized by the dilution ratio 

DR=
Ci ,0

Ci

where  Ci,0 is  the initial  concentration of some inert  gas component  which is  not present  in the 
dilution air (usually CO2). Although the dilution processes of different gases might be different, due 
to  differing  diffusion  coefficients,  it  is  usual  to  assume that  all  species  are  diluted  equally  in 
turbulent dilution. 

At the end of the exhaust pipe, the exhaust plume enters the ambient air. In principle, this plume is a 
cylindrical jet. The temperature of the exhaust is clearly over 100 ºC, while the ambient air is at 
temperatures between ‒50 and +50 ºC. The exhaust and the air mix rapidly, resulting in the cooling 
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and dilution of the exhaust. The process is very turbulent, yet it has been shown that during the first 
0.5 s  after  the exit  from the  tailpipe,  the nucleation mode has  formed,  after  which it  develops 
through condensation and coagulation (Rönkkö et al. 2006, Virtanen et al. 2006) .

In the laboratory, the dilution of the aerosol sample takes place in a more controlled setting. The 
most typical way to sample vehicle exhaust is to use constant volume sampling (CVS), where the 
total exhaust stream and the dilution air stream mix producing a diluted exhaust stream of known 
volume flow. CVS is rather simple to control, as the total flow is kept constant by the collection 
pump downstream the instruments. An old and tested method, it is used as the measurement setting 
for the regulatory standards of industrial nations. However, in CVS, the dilution ratio is anything 
but constant, changing forcefully from the high dilution ratios of idle flow to low dilution ratios at 
high engine load. As long as the particles and exhaust gases can be considered inert, this is not a 
problem. However, in nucleation and condensation, the gases and particles are no longer inert, and 
the dilution conditions have a large effect. As a result, the CVS often fails to reproduce nucleation 
modes measured in on-road conditions. (E.g. Kittelson  et al. 2006.) Abdul-Khalek  et al. (1999) 
were probably the first to note the importance of a sampling setup with well-defined temperatures 
and dilution ratios for the measurement of particle number concentrations in diesel exhaust aerosol.

In early 2000s, the European Union 6th Framework project PARTICULATES had as its objective to 
produce a measurement setup where exhaust nucleation could be produced with good repeatability. 
The project resulted in a measurement setup (Ntziachristos et al. 2004; Mathis et al. 2004b) which 
has subsequently been used in all exhaust aerosol measurements performed in the Aerosol Physics 
Laboratory of Tampere University of Technology. The measurement setup consists of two dilution 
stages. The primary stage, immediately after the samling probe, consists of a porous tube diluter. 
Here, the dilution ratio is always about 12 (11.5–12.5), and the dilution air used is dry, filtered air at 
the  temperature  of  36.85 ºC.  After  the  primary  dilution,  there  is  a  residence  chamber  with  a 
residence time of circa 2 seconds. All aerosol process of interest take place during the primary 
dilution and the subsequent residence time. After the residence chamber, a secondary dilution takes 
place in an ejector-type diluter. The purpose of this dilution is to lower the concentrations of the 
semi-volatile gases and the number concentrations of the aerosol particles low enough to prevent 
any significant condensation and coagulation phenomena from occurring. Usually, the secondary 
dilution ratio is either 8 or 50, depending on the sample flow needed for the instruments. In addition 
to the sample flow, a higher secondary dilution ratio may be necessary to lower the particle number 
concentrations to a magnitude measurable with an Scanning Mobility Particle Sizer (SMPS, Wang 
and Flagan 1990.) 

The PARTICULATES dilution is a system which is aimed mainly at researching  nucleation and 
condensation phenomena where most important gas components are rather non-volatile.  This is 
because the final gas composition after the secondary dilution does not necessarily reflect a real-life 
situation.  Particularly, if  the concentration of the gas components is too high (the dilution ratio 
lower than in atmosphere), the partitioning of semivolatile compounds between the gas and particle 
phases may not reflect the outdoor reality. With almost non-volatile compounds like H2SO4, this is 
not a problem. Such compounds will not evaporate from the particles, once condensed, so their 
amounts in the particles remain constant regardless of the final dilution ratios.

The  turbulent  plume  or  the  turbulent  dilutions  system  can  be  modelled  using  rigorous  three-
dimensional computational fluid dynamics to study the particle formation. However, the necessary 
calculations  are  computationally  extremely  expensive,  and  at  the  current  state  of  art,  it  is  not 
feasible to incorporate an aerosol dynamics model in a CFD model of a turbulent plume or of a 
porous  diluter.  Such  model  would  take  a  truly  massive  amount  of  time  even  on  the  modern 
supercomputers, as just a normal CFD model of turbulent plumes takes several days to run.

In Paper III, we propose a simple, intuitive ad hoc model for the estimation of dilution and cooling 
of the exhaust in the sampling setup. The dilution is supposed to take place in a finite time  τd, 
starting from DR(0) = 1 and ending at DR(τd) = DR,f after which no dilution occurs. The most simple 
physically meaningful form to depict such behaviour has the form
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DR={DR ,f
t /d, td

DR ,f , t≥d

On the other hand, the most simple way to depict  heat transfer from the exhaust plume is  the 
Newtonian cooling, used earlier by Vouitsis et al. (2004). If the initial and final temperatures are Ti 

and Tf, the temperature has the form

T t =TfT i−T f exp tc 
In these equations, τd and τc are the time constants of dilution and cooling, respectively. It must be 
noted that the time constants are primarily tools used to parameterize the flow phenomena. As such, 
they do not  have any strictly  measurable physical  reality.  Especially,  it  is  very unlikely that  a 
measurement of average temperatures in the flow would yield the same cooling time constant τc as 
the fits made using model results. 

 3.4 Fractallike nature of soot ‒ implications to particle density
Diesel  soot  particles  are  formed during and after  the combustion from small  primary particles, 
which are presumed to be unburned fuel. The size of the primary particles varies from the 20 nm of 
traditional engine technology to circa 5 nm of modern diesel engines. The particles agglomerate, 
forming a composite particle  with very irregular  form.  As a result,  the particle  diameter  is  ill-
defined,  and  we  must  resort  to  functional  definitions  of  diameter.  One  possibility  is  to  use 
geometrically  defined  diameter  concept.  To measure  some geometrically  defined diameter  of  a 
particle, the particle must be collected for microscopic analysis, however. An online measurement 
of the particle diameter usually uses aerodynamic properties of the particle for the definition of 
particle diameter.

We define the mobility diameter  dmob of  the particle  by measuring the terminal  velocity  of the 
particle  in  a  forcefield.  Two particles  have  the  same mobility  diameter,  if  they have  the same 
terminal  velocity,  without  any  regard  to  their  respective  masses.  Consequently,  the  mobility 
diameter of the particle is the diameter of a spherical particle which experiences the same drag. In 
practice,  dmob is measured using electrical aerosol analyzers, for example the Differential Mobility 
Analyzer (DMA; Knutson and Whitby 1975). 

When the particles  are  collected using particle  impactors,  their  collection characteristics  of  the 
instruments  are  defined  by  the  aerodynamic  stopping  distance  of  the  particles.  Now,  the  mass 
becomes a factor and we compare all particles to spherical particles with the density of ρ0 = 1 g/cm3 

(the so-called ”unit density”).  Theoretically, it can be shown that the two concepts are related by 
the formula (e.g. Hinds 1999, p. 54)

Cc daero d aero
2
0=Cc dmob d mob

2
eff (9)

Here, Cc is the Cunningham slip correction factor and ρeff is the effective density of the particle. 

For spherical particles, the effective density of the particle is the bulk density of the particle. For 
non-spherical particles, the concept of effective density incorporates information on the particle 
shape. In both cases, the effective density is independent of particle size. 

The larger a soot particle is, the more empty space remains between the primary particles making 
up the agglomerate. Thus, the larger a fractal-like particle, the lower effective density the particle 
has. A dry fractal-like soot particle has an effective density (e.g. Skillas et al. 1998, Virtanen et al. 
2002b)
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soot={prim
dmob
dprim 

Df−3

, dmob≥dprim

prim , dmobdprim

.

Here, dref and ρref are typically the diameter and the bulk density of the primary particle, while Df is 
the fractal dimension. In literature, fractal dimensions measured with methods based on particle 
mobility range from 2.3 (Virtanen et al. 2002b) to 3 (Skillas et al. 1998). With methods based on 
light  scattering,  the  fractal  properties  of  the  two-dimensional  projection  of  the  particle  are 
measured. Thus the fractal dimensions measured with those methods are never more than 2.

When a liquid condenses on a fractal particle, it may generate a few monolayers of liquid on the 
particle, but after that, the condensing liquid starts to occupy the spaces inside the fractal particle. In 
the following, we simplify the situation by neglecting the monolayers generated by adsorption and 
consider  only  the  liquid  phase  on  the  soot  particle.  We  approximate  the  geometrical  volume 
equivalent diameter of the dry particle by its mobility diameter dmob. In this case, the particle has a 
displacement volume of (Ristimäki et al. 2007)

Vdispl=Vdispl,sootVdispl ,liquid=
msoot

prim

mliquid

liquid

Here, the msoot and mliquid are the masses of the liquid and soot components of the particle. The liquid 
first fills the spaces inside the particle. The mobility equivalent volume of the wet particle does not 
change until the space inside the particle is completely filled. After this, the volume of the particle 
is calculated normally. Mathematically, this may be given as

Figure 1: Condensation on the soot particle begins with the adsorption of 
a few monolayers covering the particle. After the onset of condensation, 
the empty space inside the fractal-like structure is filled. Finally, the 
liquid encases the original soot particle.
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Vmob=max {Vdispl , Vmob,soot }=max {Vdispl ,
msoot

soot } (10)

Naturally, the mobility of a real particle is likely to start to grow even before ”all” space inside it is 
filled. However, as the experimental data on this phenomenon is still lacking, the approximation we 
presented here and in Paper V is likely to be acceptably close to reality.

The composition of the liquid phase is not constant, but depends on the particle composition. In 
Paper V, the particle liquid phase is considered to be composed of organic component, water and 
sulphuric acid. As we do not have any actual data on the density ρliquid of such solution, we use an 
semi-empiracal model. We know that the liquid component must have the density of H2SO4‒H2O 
solution (e.g. Lide et al. 2005) if no organic component is present. In practice, the density of the 
H2SO4‒H2O solution is between 1 and 1.8 g/cm3, depending on sulphuric acid mole fraction, and in 
the conditions of diluting exhaust, stable sulphuric acid particles have densities between 1.4 and 
1.6 g/cm3.  We also require that a pure organic component has a density of 0.8 g/cm3, the value used 
by Ristimäki  et al. (2007). The first approximation of the density of the solution is a line fitted 
between the two extremes.  

 3.5 Aerosol dynamics

The diesel exhaust aerosol particles are in continuous interaction with the carrier gas and with each 
other. There are three types of interactions which cause changes in the particle size distribution: 
condensation, nucleation and coagulation. In addition, the aerosol particles are removed from the 
system by deposition on surfaces. Although the basic equations of the system are rather simple, 
their  solution  requires  the  use of  computers  in  all  but  the  most  simple  cases.  The first  model 
involving all these phenomena were developed by Gelbard and Seinfeld (1979, 1980), and their 
discussion  of  the  general  dynamic  equation  of  aerosols  still  remains  valid.  In  this  thesis,  we 
consider  mainly  the  impact  of  the  fractal-like  geometry  of  the  soot  particles  on  the  aerosol 
dynamics. Otherwise, the model TUTEAM is described in detail in Paper V.

In the case of a single particle mode, the particle dynamics are depicted by the General Dynamic 
Equation (Seinfeld and Pandis 1998, p. 683), which for a continuous particle volume distribution 
fN(V,t) takes the form

∂ fN V,t 

∂ t
=
1
2∫0

V

K V−q ,q fN V−q ,t fN q ,tdq

−fNV ,t ∫
0

∞

K q, v fNq ,tdq−
∂

∂V [IV fNV ,t  ]

 J V  V−V *−Rw V ,t fN V ,t 

(11)

Here, the first term considers the collisions between the particles which will be producing particles 
of volume V. The coagulation kernel is given in K. The multiplication with ½ results from the fact 
that collisions between particles of volume V‒q and q are indistinguishable from collisions between 
particles of volume q and V‒q . A good explanation for this is given by Seinfeld and Pandis (1998, 
pp.  673‒674.) The  second  term is  the  term describing  the  loss  of  particles  of  size  V through 
coagulation with other particles. The third term is the term describing particle size change due to 
condensation and evaporation, with I the rate of particle volume change. The fourth term brings the 
nucleated particles to the critical cluster volume V*. The fifth is for describing the losses on system 
walls, the Rw being the rate of particle loss.

In diesel exhaust, the General Dynamic Equation is still valid, but both the nucleation and the soot 
mode requires its own GDE. The equations of the two modes are linked with a term describing 
intra-mode coagulation:
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∂ fN,nuclV,t 

∂ t
=

1

2∫0

V

KNN V−q ,q fN, nuclV−q,t fN q,t dq

−fN,nucl V ,t ∫
0

∞

KNNq, v fN,nuclq ,t dq−
∂

∂V [IN V  fN ,nuclV ,t ]

 J V  V−V *−Rw,N V,t  fN,nuclV,t 

−fN,nucl V ,t ∫
0

∞

KSNq, V  fN,soot q,t dq

∂ fN,soot V,t 

∂ t
=

1

2∫0

V

KSSV−q ,q fN,soot V−q,t  fNq,t dq

−fN,soot V,t ∫
0

∞

KSSq, v fN,soot q,t dq−
∂

∂ V [ISV fN,sootV ,t  ]

−Rw ,SV ,t fN,soot V ,t 

∫
0

V

KSNV−q,q fN,soot V−q,t fN,nuclq,t dq

−fN,soot V ,t ∫
0

∞

KSNq, V fN,nuclq,t dq

(12)

Now, the last terms of both equations describe the intramode coagulation. The collisions between 
soot and nucleation mode particles are considered to produce soot mode particles: each inter-mode 
collision reduces the number of nucleation particles by one, while causing no change to the total 
soot mode number concentration. Another large change is the introduction of mode subindices to all 
terms.  However,  some  of  the  terms  become  difficult  to  calculate,  as  we  introduce  the  fractal 
geometry of the soot particles. Then, the particle mass m and the particle volume V are no longer 
linearly dependent. This means, for example, that a collision of particles with sizes V‒q and q does 
not necessarily produce a particle of volume V. In extreme case, it may be that the resulting particle 
still has the size V‒q. Because of this, TUTEAM uses a different approach to the particle size.

TUTEAM solves the particle size distributions of nucleation and soot mode and the mode- and size-
resolved particle mole numbers as a function of time. When we consider a short time step of length 
Δt,  the  number  of  particles  is  changed  due  to  coagulation,  nucleation  and  wall  deposition.  In 
coagulation, the collision of two particles produces a single particle. Mathematically, we can depict 
this as the smaller particle vanishing and the larger particle growing by the mass of the particle that 
vanished. In inter-mode coagulation, we can consider the nucleation mode particle lost, while the 
soot mode particle grows. In such case, the number of particles of certain size surviving to the next 
time step is

NS ,i
surviving=max {0, NS,i− ∑

k,dk>di

KS ,k,jNS ,kNS,iΔt−
1
2
KSS ,i,iNS,i

2 Δt−Rw ,S ,iNS,iΔt}
NN ,i

surviving
=max {

0, NN,i− ∑
k,dk>di

KNN ,k,jNN ,kNN,iΔt−
1
2
KNN ,i,iNN ,i

2 Δt

−∑
k
KNSNS,kNN ,iΔt−Rw,N,iNN ,iΔt }

(13)

Here, the terms are basically the discretized versions of terms of Equation 12. The subindex i refers 
to particle bin in question.  
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The surviving particles grow due to mass gains from condensation and coagulation. In addition, 
they may lose mass to evaporation. The rate of change of the mole number nm,i,j of the component j  
on the i-mode particle of mode m is

ΔnS ,i,j
t

=RC,S ,i,j ∑
k,dk>di

nS,k,jKSS,k,iNS,k∑
k

nN,k,jKNS ,k,jNN ,k

ΔnN ,i,j
t

=RC,N ,i,j ∑
k,dk>di

nN ,k,jKNN ,k,iNN,k

(14)

Here, the  RC,m,i,j is the condensation rate. The sum term common to both modes depicts the mass 
gain from the coagulation of smaller particles, while the soot mode has also the term depicting the 
mass gain from the coagulation of nucleation mode particles. The interaction between Equations 13 
and 14 is illustrated in Figure 2.

After we calculate the new mole numbers from Equation 14, we can calculate the new size ym,i of 
the m-mode particles in size bin i. This is done using Equation 10. The new size lays between the 

size bins κ and κ + 1: ym,i∈[dκ,dκ+ 1 ]  Then, all the surviving particles of bin i are split between 

the bins dκ and dκ+1, using the equation

ΔNm,iκ+1 =Nm,i
survive

lg ym,i −lg dκ 
lg dκ+1 −lg dκ 

ΔNm,i κ=Nm,i
survive[1− lg ym,i −lg dκ 

lg dκ+1 −lg dκ  ]
Not all particles grow at the same rate. Thus, a size bin may receive contributions from several size 
bins at the same time. The final number concentration in the m-mode size bin i is obtained using

Figure 2: The processes affecting a nucleation mode particle of certain size bin. 
Wall deposition, intermode coagulation, and intramode coagulation on larger 
particles reduce the particle number. The particle mass of the surviving 
particles changes due to condensation, evaporation and coagulation. It must be 
noted that nucleation changes particle number only for the size bin that 
corresponds the critical cluster size.
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NS ,i
 t+1 

=∑
k

ΔNS ,k i

NN ,i
 t+1 =∑

k

ΔNN ,ki Jδi,i*Δt

Here, the sum is taken over all particle sizes that contribute to the particles to bin Nm,i. The chemical 
composition of the particles in size bin i of mode m is computed similarly.
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 4  Experimental basis for computational studies

 4.1 Measuring the kernel matrices

The  kernel  functions  of  the  ELPI  reported  in  Paper  I were  measured  using  the  methodology 
developed by Keskinen et al. (1999), Marjamäki et al. (2000b) and Virtanen et al. (2001), while the 
data  used  in  Paper  I  had  been  reported  earlier  in  Marjamäki  and  Keskinen  (2004a,  2004b). 
Therefore, the  experimental work done for Papers I and II does not constitute a significant part of 
the work done for this thesis, and this section is meant only as an aid for the reader to understand 
the methodology used to obtain the response functions analyzed in those papers.

As many impactor calibration methods, this method involves the use of monodisperse aerosols. 
When a monodisperse aerosol is measured, the instrument's response to a delta function-like size 
distribution input can be obtained. This, in turn makes it unnecessary to deconvolute the results for 
the instruments response function. Monodisperse aerosols are, by necessity, produced using various 
means. No single particle generation method can cover the whole 5 nm to 10 µm size range of the 
ELPI. Particles larger than 1 µm are produced using Variable Orifice Aerosol Generator (VOAG), 
while the smaller particles are produced using the DMA to select particles of certain mobility size 
for measurement. 

The charging efficiency Pn of the aerosol charger is measured by letting the monodisperse aerosol 
flow from the charger straight into a filter enclosed in a Faraday cap. Then, the current on the filter 
is measured using an electrometer. With particles larger than 0.9 µm, this result is compared with 
the Aerodynamic Particle Sizer (APS, TSI Inc.) measurement of the monodisperse particle flow. 
With sub-micron particles, the DMA is used. Then the charger unit is by-passed for a comparison 
measurement, and the charged monodisperse particle flow from the DMA is measured using the 
Faraday cap. From both methods, we obtain the charging efficiency Pn(dp).

The impactor kernel ki is calibrated by measuring the monodisperse aerosol with the ELPI setup. As 
we already know the particle charging efficiency, we can easily calculate the particle collection 
efficiencies  of  each  stage  from the  measured  currents.  Basically,  this  method  is  the  electrical 
equivalent of the method used by e.g. Hering et al. (1979), who measured a monodisperse aerosol 
with a cascade impactor, and subsequently counted the collected particles using fluorescence.

 4.2 Data for modelling: diesel exhaust aerosol measurement

In  Papers  III,  IV and V,  we analyze  the  diesel  exhaust  aerosol,  basing  our  computations  on 
experimental  setups  used  in  earlier  literature.  No  experimental  work  has  been  conducted 
specifically for these papers. Thus, the purpose of this section is to give the reader a picture of 
diesel exhaust measurements for the purpose of evaluating the computational work.

The  nucleation  mode  poses  several  difficult  problems  from  the  experimental  and  theoretical 
viewpoints. From the experimental viewpoint, the main problem is the detection of nucleation mode 
particles. Until early first decade of the 21st century, the lower detection limit of particle counters 
used in field measurements was circa 10 nm (E.g. model 3010 CPC of TSI Inc, USA). As a result, 
the nucleation mode could only be detected if a significant amount of particles grew over this size. 
Since then, the advent of more capable particle counters with detection limits around 3 nm have 
made it possible to get a much better picture of the nucleation mode. Theoretically, on the other 
hand, the problem of modelling the formation of diesel exhaust nanoparticles during the dilution, is 
still a difficult task.

The diesel exhaust is typically measured using methods described in regulatory standards. However, 
for nucleation mode particles, there are no regulatory approaches. This is why the measurement set-
up used to measure the diesel exhaust must be selected by the experimentalist.  In early 2000's, the 
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European Union 6th framework project PARTICULATES resulted in a proposal for a diesel exhaust 
sampling and dilution setup with a two-stage dilution (Ntziachristos et al. 1994), which has already 
been described in the preceding chapter. 

After sampling,  the diesel exhaust is measured using usual aerosol and gas-phase measurement 
devices. In the measurements made by the Aerosol Physics Laboratory, the most usual instruments 
are  the  ELPI  and  different  types  of  SMPS  used  in  parallel.  The  SMPS  provides  accurate 
information on the size distribution, while the ELPI is used mainly to make sure that the exhaust 
aerosol size distribution remains constant during the SMPS scan. Usually, the engine is running a 
constant load point selected from the European Steady Cycle. Since 2004, the measurements of the 
Aerosol  Physics  Laboratory  have  been  almost  invariably  conducted  always using  thee  primary 
dilution ratio DR,f = 12, recommended by Mathis et al. (2004b) as a point of maximum repeatability.

A thermal denuder may be used to study the non-volatile fraction of the aerosol. The thermodenuder 
is a temperature-controlled metal tube which is followed by a tube with porous walls covered with 
activated carbon. In the thermodenuder, the particles evaporate partially or completely, while the 
semi-volatile compounds released in the gas phase are adsorbed on the denuder walls. As a result, 
we obtain particles  which have only those chemical components that are not evaporated at  the 
thermodenuder temperature. When the thermodenuder has been sufficiently hot, this aerosol may be 
called ”dry” in colloquial speech in contrast to the ”wet” aerosol with volatile components.
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 5 Applications

 5.1 Numerical properties of ELPI kernels

One of the most interesting characteristics of the ELPI kernels is formed form the fact that the ELPI 
response to small particles is much weaker than its response to larger ones. This results from the 
charging efficiency of the impactor.

When the ELPI filter  stage  is  used,  the ELPI collects  almost  all  particles  flowing into it.  The 
particles may deposit on the impactor stages either by impaction or in secondary processes, but 
every particle will deposit. Only a small amount of particles escape counting by being deposited on 
the charger or pre-impactor. This means that all impactor kernel functions have a peak little below 
1. On the other hand, the current response depends on the particle charge, which is a function of 
mobility size. Now, the peaks of the instrument kernel functions Ki  have clearly different orders of 
magnitude. This behaviour is illustrated in the left and middle charts of Figure 3.

When the ELPI is used for real-time mass measurement, the situation becomes worse. The mass of 
the smallest  particles is very small compared to their  average charge.  On the other hand, these 
particles have a large chance of being deposited on the upper stages of the ELPI by secondary 
deposition. As can be seen from the right-hand chart in Figure  3, the uppermost ELPI (stage 12) 
will respond to a same amount of particulate mass in 10 nm particles several orders of magnitude 
more efficiently as to the same mass in particles with its cut-point diameter. In practice, this means 
that the inversion of ELPI measurement data into particle mass distribution is very difficult, if the 
size distribution is not unimodal. This was demonstrated in Paper II.

In Paper II, the kernel matrices presented in Paper I were analysed using concepts from inversion 
research.  Among these,  the most important  was the concept of degree of ill-posedness.  This is 
defined by using the experimental notion that  the singular  values of the kernel  matrices  of ill-
defined problems can be fitted using either the relation

i∝
i

Figure 3: The ELPI kernels for an instrument with a filter stage and for particles of unit density. Left:  
The impactor kernel functions {ki}. Middle: the instrument kernel functions {Ki}. Right: the instrument 
response functions to mass size distributions. The filter stage has a much wider peak than the other 
stages, as it collects all the particles surviving until it. The smallest particles deposit by diffusion on all 
stages, resulting in the ”diffusion tail” of each stage.
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or the relation

i∝e
− i

(15)

In the case of the ELPI kernels, the Equation 15 holds. According to the classification of Hofman as 
given by Hofman (1993, p. 175), the ELPI inversion problem is thus severely ill-defined, with the 
degrees of ill-posedness ranging from 0.6 to 0.8 for the instrument kernel functions of different set-
ups. 

Kernel  matrices  for  the  calculation  of  mass  from the  ELPI  measurement  have  degrees  of  ill-
posedness comparable to the usual kernel matrices, but as noted earlier, the prominent diffusion 
tails of the mass-based kernel functions makes inversion into mass size distributions unpracticable. 
This  was  shown by implementing  a  standard  Tikhonov regularization  for  the  ELPI.  When the 
inversion was made into the particle number size distributions, an acceptable solution could usually 
be obtained by using Tikhonov regularization.  With a result  as  mass  size distribution,  sensible 
results  could  be  obtained  only  for  monodisperse  particle  size  distributions,  regardless  of 
regularization parameter, however. Using the Bayesian inversion for mass size distributions proved 
completely unworkable.

 5.2 Inversion of ELPI data

In Paper II, the standard Tikhonov regularization was implemented for the ELPI in order to study 
the  numerical  properties  of  the  kernels.  However,  the  main  contribution  of  Paper  II was  the 
proposition to use a Bayesian algorithm to fit a bimodal lognormal distribution to ELPI data. This 
allows one to estimate the number concentrations and geometrical median diameters of both the 
nucleation and the soot mode from a large amount of ELPI data automatically,  without human 
input.

The weakest  point  of the Bayesian algorithm proposed in  Paper II is  the initial  guess  for  the 
parameters of the particle modes.  The algorithm uses the pseudoinverse of the kernel matrix to 
particle size distribution to get an initial guess for the inversion result. After this, it locates the peaks 
meeting certain criteria as maxima. Usually, this works well. However, when the two peaks are 
intermixed and the other mode of the distribution shows only as a ”shoulder” of the larger mode, the 
initial guess is often incorrect, and the inversion procedure fails. However, such cases are easy to 
distinguish by comparing the measured currents and the measurement result simulated from the 
inversion itself. This is illustrated in Figure 4. On the other hand, unimodal particle distributions are 
fitted nicely. In such case, the smaller mode receives a number concentration that is close to zero. 
The use of porous substrate on the impactor plates does not significantly increase the difficulty of 
the data inversion.

When both particle modes are above 30 nm, which is the cutpoint of the lowest ELPI impactor 
stage, the inversion of data works well both with simulated and with experimental data. Yet, when 
both modes are both below this, the inversion is less practicable. This is due to the fact that the filter 
stage has a rather flat response function between 10 and 30 nm. The same current on the filter stage 
can be explained by a mode with a GMD of 20 nm, or by a mode  at 10 nm, but with an order of 
magnitude  higher  number  concentration.  As neither  particle  size  is  collected  effectively  on the 
impactor stages, it is rather impossible to discern the two cases. Because of this, the inversion is not 
quite trustworthy when the nucleation mode GMD is clearly below 30 nm, although good inversion 
results may obtained even then. The extra stage of the ELPI, with a cutpoint of 17 nm, proposed by 
Yli-Ojanperä  et al. (2008), is  likely to improve the possibilities  for ELPI inversion for smaller 
particle sizes.

The algorithm proposed in  Paper II makes it possible to conduct inversion on large amounts of 
ELPI data  from diesel  measurements.  However,  the results  of the algorithm cannot  be utilized 
automatically,  but  the  individual  results  must  be  reviewed  by  a  person  who  understands  the 
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phenomena studied. Nonetheless, the task of reviewing inversion results is much less tedious than a 
manual fitting of large amounts of data.

Figure 4: The result of an incorrect initial guess: Above, the experimental measurement of diesel  
exhaust with a long SMPS and the inversion result of the simultaneously measured ELPI data.  
Below, the measured ELPI currents and the simulated currents for the SMPS and the inversion 
result. It is easy to see that the inversion result does not produce the measured currents. The error 
results from a bad initial guess. (From Paper II)

 5.3 Nucleation rate in diesel exhaust

The  nucleation  mode  number  concentration  depends  on  the  nucleation  rate  and  the  processes 
causing particle loss. If we neglect the processes where particles are lost, and concentrate on the 
nucleation, we are able to estimate the maximum particle concentrations with a relatively simple 
model. In  Paper III, such a study was undertaken for the H2O‒H2SO4-system, using a simplified 
flow and dilution model and the nucleation rate parameterization of Vehkamäki et al. (2003). The 
soot mode was considered only as a condensation sink (Pirjola et al. 1999) for nucleating gases and 
as a coagulation sink (Dal Maso  et al. 2002) for the nucleation mode particles.  The intramode 
coagulation of the nucleation mode or the condensation of the nucleating species on the nucleation 
mode were not considered at all.

The dilution model introduced in Chapter 3.3 reproduces the extreme sensitivity of the nucleation 
rate  to  the dilution  conditions.  However,  the  nucleation  rate  is  not  a  function  of  the two time 
constants τc and τd,  but rather a function of their ratio, as illustrated in Figure 5. This result is, at 
first, surprising. However, it is explained readily by the time evolution of the saturation ratio of the 
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condensing species. During the dilution, the gases both dilute and cool. As the vapour pressure is an 
exponential function of the temperature, the saturation ratios of the nucleating species grow to a 
point where the nucleation starts to take place. As this point is reached, the nucleation rate suddenly 
peaks to a very high value. The nucleation then rapidly slows down, as the nucleating species are 
removed into the particle phase. As the nucleation rate reaches a peak value that is several orders of 
magnitude  larger  than  the  nucleation  rates  before  or  after  the  peaks,  the  peak  nucleation  ratio 
determines the concentration of available nucleation particles. This value, on the other hand, proves 
to be a function of  τc/τd and nucleating species concentrations. In Paper V, this result was used to 
simplify the modelling of diesel exhaust.

The model used in Paper III neglects the interaction of the nucleation mode and the condensable 
vapours. Because of this, it  is only able to give an upper limit of the nucleation mode number 
concentration. Still, this information can be used to make inferences about the processes possible. In 
particular, the model indicates that the H2O‒H2SO4 nucleation mechanism can be ruled out in cases 
of ultra-low sulphur fuel and lubricant being used without oxidizing after-treatment. In such case, 
the conversion ratio of SO2 to SO3 is likely to be less than 3 %, and there is not enough gas-phase 
sulphuric  acid  to  produce  an  appreciable  nucleation  mode.  Yet,  nucleation  modes  have  been 
measured for such situations by e.g. Vaaraslahti et al. (2004). Using the model of Paper III, we can 
say  that  the  process  responsible  for  the  nucleation  mode  in  this  case  is  not  the  nucleation  of 

Figure 5: The contours of nucleation mode number concentrations for 5 ppm fuel sulphur, with a 
SO2SO3 conversion factor of 100 %. The dotted lines show the effect of the condensation and 
coagulation sinks. As can be seen, the upper limit of nucleation mode number concentration is 
mostly a function of τc/τd. On the other hand, it is very sensitive to this parameter. (From Paper III)
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sulphuric acid and water. This observation is supported by experimental evidence pointing to this 
direction, published by Rönkkö et al. (2006).

As the ternary H2O‒H2SO4‒NH3 mechanism has been often proposed to account for atmospheric 
nucleation (e.g.  Kulmala  et al. 2000) and the existence of a second nucleation mechanism was 
likely in the light of Paper III and Rönkkö et al. (2006), it became necessary to study this, if only 
to  exclude  it.  This  was  the  main  object  of  Paper IV.  Now,  we studied  ternary  process  using 
classical nucleation theory in order to compare the nucleation rates given by the ternary model to 
values obtained from the binary situation. 

The presence of ammonia does, naturally, increase the nucleation rate. At first, this increase may 
even seem considerable, as seen in Figure 6. However, the sensitivity of the nucleation rate to the 
sulphuric acid concentration is much stronger, and in practice, the ammonia concentration will not 
have  an  effect  larger  than  one  order  of  magnitude  to  the  nucleation  rate,  if  the  ammonia 
concentrations are of the magnitude typical to atmosphere, as illustrated in Figure 7. Such effect is 
well  within  the  uncertainties  inherent  in  classical  nucleation  theory.  The presence  of  ammonia 
neither changes the sensitivity of the nucleation rate to the H2SO4 concentration:

Figure 6: The nucleation rate as a function of ammonia concentration. The temperature is 310 K 
and sulphuric acid concentration is 5 · 1017 m-3, which is a good example of H2SO4 concentrations 
possible in diluting diesel exhaust. As can be seen, the presence of ammonia increases nucleation 
rate. At concentrations above 1017

 m-3, the effect of ammonia becomes even stronger. Such 
concentrations are possible only with SCR technology. The minimum of nucleation rate around 5 
· 1017 m-3 results from the formation of stable ammonium bisulphate clusters which inhibits 
nucleation, while the minimum on the right is an artifact caused by the inconsistencies of the 
classical nucleation theory.
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∂

∂[NH3]

∂ J
∂[H2SO4]

≈0

 This can also be easily seen from Figure 7 by observing that the contours of the nucleation rate do 
not become closer to each other in y-direction as the NH3 concentration increases.

In  practice,  the  nucleation  rate  peaks  during  the  nucleation  mode  formation,  and  the  particle 
formation is constrained by the removal of nucleating species from the gas phase and by the intra-
mode coagulation of nucleation mode particles.  Any offset of the nucleation rate from its actual 
values is corrected for, when the dilution model is fitted to experimental results, if the threshold 

concentration of the H2SO4 around which the nucleation rate peaks and the slope 
∂ J

∂[H2SO4]
are 

approximately correct. These, in turn, are not significantly changed by the presence of ammonia. 
Ammonia will have a marked effect only, if the concentration is at levels over 100 ppb. Such levels 
are reached only when an SCR after-treatment system is used. Thus we can, in Paper V, neglect the 
effect of ammonia safely.

Figure 7: The contours of nucleation rate as functions of H2SO4 and NH3 concentrations at 310 K.  
As can be seen, the nucleation rate is much more sensitive to the sulphuric acid concentration than 
to ammonia concentration. The gaps in the countour result from selfconsistency problems with the 
classical model. (From Paper IV)
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 5.4 Modelling aerosol evolution

The aerosol model TUTEAM introduced in Chapter  3.5 and in  Paper V was applied to the data 
measured by Vaaraslahti  et al. (2005). The vehicle in question was equipped with a heavy-duty 
diesel engine with a diesel particulate filter. In this set of data, the effect of the sulphur available 
from lubricant and fuel is readily visible. We use the data measured using the full load, with five 
different fuel sulphur content ‒ lubricant sulphur content combinations. In the measurements, the 
catalyst is at constant, high temperature, and according to the data published by Gieschaskiel et al. 
(2007), the catalyst has a high SO2-to-SO3 conversion efficiency, around 90 %. This allows the 
calculation of H2SO4 concentration with relative accuracy.  The high oxidization efficiency also 
means that most volatile and semi-volatile organic compounds are removed. 

The experimental setup is otherwise constant, and the only variable experimental parameters are the 
sulphur contents of fuel and lubricant. On the other hand, in model TUTEAM, the only parameters 
which cannot be determined on the basis of experimental parameters are the time constants of the 
flow model and the organic vapour concentration.  As a first  approximation,  we set the organic 
vapour concentration to zero. As we saw in Paper III that the nucleation rate is the function of the 
ratio  of  time constants,  we can  choose  value  τd = 0.4 s  rather  randomly.  Then,  the  only  fitting 
parameter we are left with is τc. We use the data measured using a lubricant with 5,100 ppm sulphur 
content (Oil 2 of Paper V) to fit this parameter to value τc = 0.10 s. For comparison, the same initial 
values are used also for the sectional model AEROFOR (Pirjola 1999; Pirjola and Kulmala 2001), 
which  had  also  been  used  to  validate  the  computational  accuracy  of  TUTEAM.  As  Figure  8 
illustrates, both models reproduce the particle size distributions well.
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In Papers III and V, we use the value Ti = 400 K, as this is the highest temperature for which the 
parameterization of Vehkamäki  et al. (2003) is usable. In actual situation, the temperature at the 
onset of dilution is likely to be higher. However, this does not cause any significant error, as the 
flow model is fitted to experimental data. Although a too low value for the initial temperature will 
mean that the dilution rate of the exhaust is initially too low, this will not cause a problem. The 
nucleation  only  takes  place  at  the  temperatures  around  310‒320 K.  The  nucleating  species 
saturation ratios around this temperature region depend in practice on the ratio τc/τd. and any errors 
in Ti are hidden into the value of the fitting parameter. The same applies to the selection of τd. In a 
sensitivity study, it was seen that for any reasonable value of dilution time constant, a cooling time 
constant could be found, giving essentially the same results as shown in Figures 8 and 9.

Figure 8: A measured diesel aerosol particle size distribution and simulation results of TUTEAM 
and AEROFOR (Pirjola 1999, Pirjola and Kulmala 2001). The simulated particle size distributions 
are shown as particle sizes. (From Paper V)
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When the flow model has been fitted, the model has no more free parameters, and it can be used in 
a straight-forward way to model the size distributions of the other points of the data set. The results 
are rather good, as can be seen from Figure  9. The nucleation mode number concentrations are 
reproduced  very  well,  while  the  sensitivity  of  the  nucleation  mode  GMD  on  sulphuric  acid 
concentration  is  slightly  overestimated.  The  AEROFOR model  performs  similarly,  but  slightly 
underestimates the particle GMDs. A more detailed discussion of the modelling results is given in 
Paper V.

Figure 9: Left, the measured and simulated nucleation mode number concentrations as function of  
raw exhaust [H2SO4]. It can be seen that the nucleation mode number concentrations are 
reproduced very well. Right, the measured and simulated nucleation mode GMDs as function of  
[H2SO4]. The GMDs are also reproduced satisfactorily.

Figure 10: The mole fractions of the particlephase species as functions of particle size for the size 
distributions of Figure 8. Left, the nucleation mode. Right, the soot mode. The vertical straight lines 
are artefacts due to the fact that no particles of certain sizes exist in the distributions. The mole 
fraction of soot in the soot mode is low due to its high molar mass.
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The TUTEAM solves, in addition to the particle size distributions, the particle compositions. The 
final compositions (after the secondary dilution) are illustrated in Figure 10 for the case of Figure 8. 
It is easy to see that the particles consist of water and sulphuric acid in a manner consistent with 
literature (e.g. Seinfeld and Pandis 1998, p. 527). The mole fraction of H2O decreases as a function 
of size, as the Kelvin effect on the particles becomes stronger. The mole fractions of the liquid 
species on the soot particles are high, because the soot mole mass is large. It is easy to see that the 
relative importance of the liquid components to the particle composition decreases with the particle 
size,  which is  also reasonable.  Such particle  composition is  also  in  agreement  with the results 
obtained by Schneider et al. (2005) who observed nucleation mode particles consisting of water and 
sulphuric acid, when they measured the exhaust of an engine running at high load with a similar 
after-treatment system.

The effect of organic species concentration on the particle size distribution was tested in Paper V 
but the vapour concentrations below the experimentally measured total VOC concentration did not 
have any significant effect on particle size. The result remained the same, even if the molar mass 
and vapour pressure of the organic component were varied between alkanes C15H32 and C30H62. 
Thus, either a wrong thermochemical model was used for the organic component or the organic 
vapour  does  indeed  not  play  a  role  in  the  case  modelled.   This  is  in  clear  contrast  with  the 
experimental measurements of Tobias  et al. (2001), who observed particles with mostly organic 
composition. Nonetheless, they measured non-after-treated exhaust aerosol of an engine running at 
low load.  In such case,  the organic gas concentrations are magnitudes of order higher,  and the 
organic component is bound to have a role in the growth of nucleation mode.

In Paper V, only a small set of data was discussed. The set was selected so as to be reasonably sure 
that the nucleation mode was formed in a binary homogeneous nucleation of water and sulphuric 
acid. In addition, we selected a set where the growth of the nucleation mode was limited and the 
nucleation and soot modes did not overlap. This was done to make it possible to study the set not 
only with the TUTEAM but also with the AEROFOR model, which was originally developed for 
atmospheric applications.  However,  the flow model fitted in  Paper V is  not constrained to the 
measurement set discussed in the paper. The same dilution system has been used in several large-
scale projects over the years, and is still in active use. Thus, the TUTEAM can now be used for 
quantitative modelling of diesel exhaust aerosol also in conjunction with several other experimental 
studies with no need for further experimental fittings.
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 6  Final remarks
In  this  thesis,  some computational  methods  for  studying  the  diesel  exhaust  nanoparticles  were 
presented. These are divided to two main groups: In Papers I and II, a data reduction method for 
the  study of  particle  modes  is  presented.  In  Papers  III,  IV  and  V,  we study the  nanoparticle 
formation in diesel exhaust, using computational models of increasing complexity.

The Bayesian inversion method for the ELPI is the first real data inversion method presented for the 
reduction of the ELPI data. In addition, it is the first automated algorithm for fitting the bimodal 
distributions to impactor data. As such, it presents a significant advance in the research into the 
inversion methods of impactor data.  Also,  the analysis  of the numerical properties of the ELPI 
kernels in Paper II was the first such study in aerosol literature.

The computational studies of nucleation in Paper III and IV give qualitative understanding on the 
situations where the diesel nucleation may happen, according to the classical nucleation theory, via 
H2SO4–H2O  and  NH3–H2SO4–H2O  mechanism.  The  contribution  in  Paper  IV also  includes  a 
development of the classical ternary model so that it is able to calculate nucleation rates at higher 
nucleating species concentrations than before. The flow model used in  Paper V is introduced in 
Paper  III and  used  as  a  tool  for  understanding  the  conditions  necessary  for  nucleation.  In 
particular,  we  are  able  to  exclude  these  mechanisms  from certain  reported  instances  of  diesel 
exhaust nucleation. This gives theoretical support to experimental observations which imply that 
there are,  at  least,  two different nucleation mechanisms responsible  for the nucleation mode of 
diesel exhaust.

In  Paper V, the results of the  Papers III and  IV are used as a basis for a diesel exhaust model 
TUTEAM. Although a nodal model, it tracks the time-evolution of both the nucleation and the soot 
mode separately. As a novel feature, the fractal-like geometry of the soot mode is accounted for. In 
Paper V, the sulphur-driven nucleation in diesel exhaust is quantitatively modelled.

The  applicability  of  the  Bayesian  inversion  method  for  the  ELPI  is  limited  by  the  fact  that 
sub-30 nm particle modes cannot be fitted reliably, even when the ELPI filter stage is used. This is 
not a fault of the algorithm, but a feature of the instrument kernel matrix. In future, the introduction 
of ELPI stages with lower cut-points is likely to improve nano-particle measurement properties of 
the ELPI. As a result, the possibilities of ELPI data inversion are also improved and the applications 
of ELPI inversion algorithms are likely to increase.

The flow model used in model TUTEAM was fitted in  Paper V to the experimental setup used 
widely in the measurement campaigns conducted in Tampere University of Technology Aerosol 
Physics Laboratory. Because most of these experiments have been conducted using the same flow 
rates as in the experiments modelled in  Paper V, the TUTEAM can be used in modelling these 
experiments without any further experimental fitting. This opens numerous opportunities for the 
study of nucleation in different situation. In addition, the TUTEAM can be readily applied to other 
systems.  For  future  studies,  the  two  most  important  additions  to  the  model  will  be  a  better 
thermochemical model for the organic compound and the description of heterogeneous nucleation. 
The scope of the studies of Papers III, IV and V is illustrated by Figure 11.
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As a whole, this thesis summarizes a few advances in the study of diesel exhaust. Together, they 
bring us towards better understanding of diesel aerosol and its interaction with the ambient air. 
Particularly, the results of this thesis advance the view that diesel exhaust nanoparticles are real and 
that their evolution can be reproduced, not only in the lab, but also in quantitative models. As such, 
this thesis may contribute to the discussion of different regulatory approaches of emission control.

Figure 11: An illustration of the scope of the Papers III‒V. The 
diesel exhaust may be after-treated using reductive (right) or 
oxiding (left) systems, or left untreated altogether. In all cases, 
nucleation may occur. This may happen either through H2SO4‒
H2O(‒NH3)-mechanism or with some more exotic mechanism. In 
the former case, nucleation observed can be quantitatively 
modelled. Other mechanisms require further research.
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