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Abstract
In this thesis, the inertial impaction of nanosize agglomerates was
investigated. The study focused on two processes that occur commonly
simultaneously during the impaction of the agglomerate; bounce and
fragmentation. The main objective was to study how different parameters
affected these processes. The parameters that were considered included the
impaction velocity, agglomerate properties, such as the composition and
primary particle size, and impaction surface material.
A measurement system to study the impaction of an agglomerate was
designed. It included a size classifier, a multi-orifice impactor, and a custom
low-pressure sampling chamber which was utilized for the collection of the
bounced particles. The fragmentation was defined by comparing the size of
the agglomerates before and after the impaction. The mass balance before
and after the impaction was also estimated to find out the fraction of the
bounced particles.
The agglomerate properties had an effect on their impaction behavior.
For example, the bounced fraction decreased but the fragment size did not
change notably as the primary particle size was decreased. Enhanced
degree of sintering increased the fragment size due to stronger bonds
between the primary particles. At the lowest impaction velocity, a
considerable fraction of the agglomerates bounced without fragmentation at
the lowest impaction velocity in most cases.
An important observation was that the bounce fraction did not increase
with the increasing impaction velocity in every case. This was probably due
to increased adhesion between the agglomerate and the surface that arises
from the fragmentation. In addition, the fragmentation process reduces the
energy available for the bounce.
The effect of metallic impaction plate materials was little on either the
fragmentation or the bounce at the velocities used in this study.

Keywords: Fragmentation, Bounce, Inertial impaction, Agglomerate,
Nanoparticle
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1 INTRODUCTION
Agglomerates are described as a set of primary particles that are
connected to each other at random locations, forming a chainlike
structure with many branches. Now, let us put a solid wall nearby
and give the agglomerate a velocity toward the wall. Eventually, it
will impact the wall, and during the impaction, the agglomerate will
undergo forces that twist and bend it. If the magnitudes of these
forces are sufficiently high, then the initial agglomerate is shattered to
smaller blocks, which contain a seemingly random number of
primary particles. Because there is also adhesion between the
particles and the wall, a portion of the fragments may stay in contact
with the wall, and a portion will bounce away from the wall. In this
study, the agglomerate break-up and bounce, which are often
coexisting processes, due to inertial impaction are investigated. The
effects of agglomerate properties, such as primary particle size and
material, in addition to the system parameters, such as the impaction
target material, on the impaction process are investigated.
What happens to a particle during inertial impaction has been of
concern in various areas of aerosol research. The bounce alone plays a
significant role, for example, in aerosol collection methods that are
based on inertial impaction, in which bounce suppression is desired
(Dunbar et al., 2005; Lai et al., 2008; Cheng and Yeh, 1979 and Pak et
al., 1992). The bounce, however, is not always an undesired
phenomenon. Virtanen et al. (2010) used the bounce during inertial
impaction to evaluate the physical state of the particle. In nuclear
reactors, during Steam Generator Tube Rupture (SGTR) situations,
the bounce, along with fragmentation, is also a subject of interest for
Guntay et al. (2004). In those situations, inertial impactions, which
take place near a tube breach, may affect the aerosol distribution and,
hence, the transport properties of nuclear aerosols, which are an
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important part of the source term, i.e., radioactive material release to
the environment.
During the last decade, there has been progress in the
experimental investigation of the fragmentation of nanosize, that is
less than 1 μm in size, agglomerates during inertial impaction
(Seipenbusch et al., 2002; Seipenbusch et al., 2007; Seipenbusch et al.,
2010; Froeschke et al., 2003 and Rothenbacher et al., 2008). In these
studies, a single stage low-pressure impactor with a single orifice has
been used to impact the particles, and the Transmission Electron
Microscope (TEM) micrographs before and after the impaction have
been compared to determine how many interparticle bonds broke
during impaction.
In their experiments, Seipenbusch et al. (2007) found that the
minimum kinetic energy that was required to induce fragmentation
of the agglomerate was dependent on the size of the primary particles
in the agglomerate; the smaller the size of the primary particle was,
the higher the minimum kinetic energy. Seipenbusch et al. (2007) also
determined that the bonding energies of Ag agglomerates followed a
theory that was based on the Weibull statistics (Weibull, 1951), as
long as the Ag agglomerates were large enough (few hundred
nanoparticles per agglomerate). However, the bonding energies of Pt
agglomerates were one order of magnitude higher than the bonding
energies that were predicted by the theory. It was hypothesized that
this observation could be due to a possible sintering, that is formation
of necks between the primary particles, of Pt agglomerates, which
would strengthen the bonds between the primary particles. Instead,
the Ag particles were far less prone to sintering because the Ag
particles were more easily oxidized. With respect to Ni, these
researchers noted that the relation of the minimum threshold energy
for fragmentation to the primary particle size was not as linear as the
minimum threshold energies for Ag and Pt. This result was explained
by magnetic dipole attractive forces, which were established between
Ni primary particles, which exceeded a critical size of approximately
12 nm. The dependence of the kinetic energy that was required to
8

induce fragmentation on primary particle size was also observed in
the studies of Froeschke et al. (2003). Furthermore, Froeschke et al.
(2003) determined that there was no fragmentation with Ni
agglomerates, even at a velocity of 120 m/s. Possible reasons for this
behavior include the following: relatively small primary particle size
(4 nm), high fractal dimension (2.5), and the super paramagnetic
behavior of Ni nanoparticles. The experimental fragmentation
energies of Ag agglomerates were also compared with estimated
bond energies, which were based on pure Van der Waals interactions,
and found that the measured energies were approximately 5 times
higher than the calculated values, when only Van der Waals
interactions were assumed. The fragmentation of SiO2 agglomerates
that have different degrees of sintering was studied by Seipenbusch
et al. (2010), who determined that because the primary particles were
held together with a relatively weak force, the agglomerates were
almost entirely fragmented to primary particles. However, by
increasing the solid necking between the primary particles,
fragmentation decreased until the agglomerates did not fragment.
For supermicron, larger than 1 μm in size, particles, the
fragmentation that is due to inertial impaction has been studied
experimentally. John and Sethi (1993) studied agglomerate break-up
by impacting supermicron latex doublets and by measuring these
doublets optically before and after the impaction. These researchers
observed that the measured energy that was needed to break-up half
of the doublets was over 3000 times higher than the theoretical
energy that was estimated from the pure Van der Waals interface
between the primary particles and concluded that this measured
energy was most likely due to the formation of bridges between
particles by residues that were left after droplet evaporation. Wong et
al. (2011) studied the break-up of pharmaceutical agglomerates of
several hundred micrometers upon impaction. These researchers
found that the particle size after impaction was dependent on the air
velocity that was directly above the impactor plate and not on the
impaction velocity. Cheong et al. (2003) investigated the effect of the
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impaction angle and velocity on millimeter glass spheres. These
researchers found that the glass spheres experienced elastic behavior
at low impaction velocities and shallow impaction angles, whereas
plastic failure prevails at high impaction velocities and steep
impaction angles, which led to fragmentation. Salman et al. (2002)
also studied millimeter single particle impaction and found that, as
the particle size increased, the maximum velocity at which no
fragmentation occurred decreased. The thickness and materials of the
impaction plate were also varied in their experiments, and these
researchers concluded that both the plate material and thickness had
a significant effect on the impaction outcome. Specifically, these
researchers found that a thin or soft target reduced fragmentation.
Numerical methods have also been used investigate the
fragmentation process of impacting supermicron agglomerates. The
discrete element method (DEM) has been the tool of choice in most
studies regarding fragmentation. The effect of impaction velocity and
angle on the fragmentation has been studied, e.g., by Tong et al.
(2009), Thornton et al. (1999), Moreno et al. (2003) and Wittel et al.
(2008). Other parameters examined have been, for example, packing
density (Mishra and Thornton, 2001), shape of the agglomerate (Liu et
al., 2010) and how energy is dissipated during impaction (MorenoAtanasio, 2012). The numerical investigations focused on spherical or
close to spherical agglomerates, however, for nanosize open
agglomerates, there have only been a few studies. Lechman (2010)
and Lechman and Takoto (2010) applied the DEM method to study
the fragmentation of an open nanosize agglomerate during an
impaction with a rigid wall. Lechman and Takoto (2010) suggested
that the probability of a given ejected cluster size followed a velocity
power law with exponent 0.3.
In addition to the inertial impaction, the fragmentation of the
agglomerates has been studied using other methods. For example,
Wengeler et al. (2006), Wengeler and Nirschl (2007) and Teleki et al.
(2008) used the dispersion of agglomerates through a nozzle at high
pressure to fragment the agglomerates. Lind et al. (2010) studied the
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effect of turbulent flows on fragmentation in the SGTR situation, and
the ultrasonic fragmentation of agglomerates that are suspended in
liquids have been investigated by, e.g., Kusters et al. (1993); Mandzy
et al. (2005); Marković et al. (2008).
Until recently, research regarding the bounce of nanosize
agglomerates has been restricted to applications, such as efforts to
minimize bounce in impactors. However, Rennecke and Weber
studied the bounce of nanosize particles during inertial impaction.
These researchers found that the critical velocity to make the particle
overcome the adhesive forces between the surface and the particle
was in the same order of magnitude as that of larger supermicron
particles. Previously, it was determined that, for particles over a
micron, the critical velocity increases as the particle size decreases.
The extrapolation to the nanosize particle size range would give an
assumption that the required critical velocity for the bounce would be
much higher than that found by Rennecke and Weber. Rennecke and
Weber suggested that this difference could be due to the change in
the deformation mode between the elastically deforming nanosize
particles and micron particles, where plastic deformation is the main
form of energy dissipation.
More extensive research has been performed regarding the
parameter that affects supermicron particle bounce. Both normal (e.g.,
Wall et al., 1990; Dunn et al., 1995 and Li et al., 1999) and oblique
(e.g., Dunn et al., 1995; Li et al., 1999; Konstandopoulos, 2006 and Li
et al., 2000) impactions have been studied. In oblique impactions, the
friction between the particle and surface affects the process, in
addition to adhesion, which dominates the process in normal
impactions Brach et al. (2000). These impaction studies have shown
that the coefficient of restitution, that is the ratio of velocity after
bounce to the initial velocity, decreases rapidly as the initial velocity
decreases, whereas the initial velocity is close to the critical velocity
where the capture occurs. Because the initial velocity is considerably
higher than the critical velocity, the coefficient of restitution is only
slightly sensitive to the initial velocity changes. Increasing the particle
11

size has been found to decrease the critical velocity that is required.
Wall et al. (1990) found that the critical velocity has an explicit powerlaw dependence on the particle size. However, this type of
dependency was not found for oblique impacts (Konstandopoulos,
2006). For oblique impacts, the tangential velocity is not thought to
affect the normal process of impact; thus, the stick/bounce behavior
should be affected by the normal velocity. However, Li et al. (2000)
implied that the process of the capture of microparticles is more
complex. Li et al. also showed that the capture is more likely for
normal impacts than for oblique impacts.
Many studies have used numerical methods to cover different
aspects that affect the particle bounce due to impaction with a flat
surface. Work have been conducted for normal and oblique impacts
in which the particle deformation has been considered as inelastic
(Stronge et al., 2001), elastic (Jayadeep et al., 2013 and Thornton and
Yin, 1991) or plastic (Wu et al., 2003; WU et al., 2008; Feng et al., 2009;
Thornton et al., 2013; Weir and McGavin, 2008; Liu et al., 2011;
Thornton and Ning, 1998 and TSAI et al., 1990). The commonly found
bounce behavior for elastic particles is that the particles stick to the
surface at low impaction velocities but start to bounce once the
critical velocity is reached and the bounce probability increases as the
impaction velocity is further increased (Thornton and Ning, 1998).
For particles which may deform plastically the process is, however,
more complicated. Jung et al. (2010) and Awasthi et al. (2007) showed
more complicated bounce results with nanosize clusters with LenardJones type bonding. At low velocities, the clusters progress from
adhesion to bounce as the impaction velocity increases. However, as
the velocity is further increased, the clusters plastically deform. This
increases the adhesion between the cluster and the impaction surface
which leads to the decreasing bounce probability with increasing
impaction velocity. The bounce probability increases again as the
impaction velocity is increased as the kinetic energy overcomes the
increased adhesion at high impaction velocities. The bounce
simulations have not been restricted to study only the properties of
12

the impacting particle. For example, Qin and Pletcher (2011)
investigated the effect of surface asperity deformations on the particle
impact. Abd-Elhady et al. (2006) simulated the interaction between a
particle impacting a bed of particles and found that the maximum
indentation in the bed was directly proportional to the incident
particle velocity and diameter if plastic deformation occurred.
The traditional method to experimentally study fragmentation by
inertial impaction is to compare the agglomerates or spheres before
impaction to those agglomerates or spheres after impaction. For
larger particles, methods that are based on visual observation are also
available. For example, Kwek et al. (2013) used high-speed imaging to
track the fragmentation process of supermicron spray-dried mannitol
particles.
The evaluation of the impaction velocity of the nano agglomerates
has been a profound problem in the study of inertial impaction.
Although the first study to experimentally evaluate the impaction
velocity was published by Reuter-Hack et al. (2007), there are no
systematic measurements on this issue. Impaction velocity is a key
factor because impaction velocity is strongly related to the initial
kinetic energy that is available for the processes that take place
during impaction. In earlier studies, the ratio of the impaction
velocity to the gas jet velocity was estimated to be 0.85, which
originated from the early study by Marple (1970). This method,
however, has remained a controversial way to describe impaction
velocity as a rule and was shown to overestimate the impaction
velocity at lower jet velocities and to underestimate the impaction
velocity at higher velocities, as demonstrated by Rennecke and Weber
(2013). These researchers proposed a semi-analytical impactor
geometry independent model to evaluate impaction velocity in a
single-stage low-pressure impactor.
As the inertial impaction of nanosize agglomerates has been
studied, the process has been inspected from the view of either the
fragmentation or the bounce. However, to understand the overall
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picture, both aspects, the fragmentation and the bounce, should be
considered and examined simultaneously.
The focus of this thesis was to examine the break-up and bounce of
agglomerates during inertial impaction experimentally. The key
objectives were:
1) To design and build a measurement set-up that allowed the
characterization of both deposited and bounced particles (Paper I)
2) Evaluate impaction velocities of agglomerates during impaction
(Paper II)
3) To generate agglomerates with varying properties and perform
impaction behavior measurements with these agglomerates (Paper II,
III and IV)
4) To determine the effect of impaction surface materials on break-up
and bounce processes (Paper III)
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2 THEORY
The outcome of the inertial impaction of an agglomerate is
determined by the interaction between the agglomerate and the
surface and the interactions within the agglomerate, namely between
the primary particles. More specifically, does the agglomerate break
up to smaller fragments and/or does it or parts of it bounce (Fig 1). As
the agglomerate collides onto a surface, the agglomerate and the
surface may deform plastically or elastically. This elastic deformation
is a temporary change of shape, which, after impaction, reverses back
to its original shape, whereas the changes are irreversible in plastic
deformation. The energy that is stored in elastic deformation plays a
significant role in the bounce process of the particle. If the elastic
limit, which is the yield strength, of the material is reached during
impaction, then the material experiences plastic deformation, which
is irreversible. Here, plastic deformations of the agglomerate occur at
contacts between primary particles because those contacts are
considered the weakest links in the agglomerate. Thus, the contact
mechanics that describe the interactions within the agglomerate and
between the agglomerate and the surface are important for the
understanding of the impaction processes.
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Figure 1. Schematics of the impaction process: A: Intact particles, B:
fragmented and bounced particles, C: bounced and non-fragmented particles
and D: deposited particles (non-fragmented or fragmented)

2.1 Contact types
The contacts of agglomerated/aggregated nanoparticles may be based
on electric or magnetic fields, or on material bridges between the
contact surfaces (Fig 2). In addition to the Van der Waals contacts, the
electric field produces the attractive contact force between the
charged particles. Magnetic particles may produce magnetic contacts.
A material bridge between the contact surfaces may form in
several ways. The solid bridges may be formed physically, e.g.,
through sintering, or through chemical reactions. A liquid may also
form a bridge between the surfaces, which enforces the contact.
The Van der Waals forces between the particles are considered the
weakest, and the solid bridges are considered the strongest. For
further information, see, e.g., Reynolds et al. (2005).
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Figure 2. Examples of different contact types between two particles. Bonding
based on A) Van der Waals interactions, B) electrostatic forces, C) magnetic
forces and D) liquid or solid bridge between the particles

2.2 JKR (Johnson, Kendall and Roberts)
theory for contacts
Adhesion causes an attractive contact force between the particle and
the surface. To be able to estimate the strength of this contact, one
must define the contact type between the particle and surface.
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Figure 3. Contact area, which is based on Hertzian and JKR theories,
between a spherical object and a flat surface with and without external force

Figure 4. Contact radius, which is based on Hertzian and JKR theories,
between a spherical object and a flat surface as a function of external force.
Positive external force is directed towards the surface (see Fig. 3)
18

There are several theories attempting to explain the contact
mechanics between two objects. One of the earliest theories is the
Hertzian contact (Hertz, 1896), which describes the relation between
the contact area and the elastic deformation of the bodies. However,
the Hertzian model does not take into account contact adhesive
interactions. To defeat this limitation, Johnson et al. 1971 described
the JKR (Johnson et al., 1971) theory. This theory is based on the
Herzian theory, with the addition of the adhesive contact interaction
(Fig. 3 and 4). In the JKR theory, the contact area between two bodies
is larger than zero when the bodies are in contact and when no
external loads are applied. If an attempt is made to separate the
objects, then an attractive force between the objects must be
overcome. According to the JKR theory, the adhesion energy between
two bodies can be defined as follows (Wang and Kasper, 1991):

E ad 

 d 2
4

,

[1]

where σ is the specific adhesion energy at the interfacial contact area,
and d is the diameter of the contact area. The diameter of the contact
area is defined as follows:



d  9 2 D p  ( K S  K P )
2

,
1
3

[2]

where Dp is the diameter of the sphere, in the case of a sphere-surface
interaction, and Dp=0.5*D1D2/(D1+D2), if two spheres with diameters
D1 and D2, respectively, are in contact.
Other contact mechanic models are, e.g., the DMT theory
(Derjaguin et al., 1975) and Bradley’s model (Bradley, 1932). These
models take into account the Van der Waals attractive force outside
the elastic contact region, which is neglected in the models of JKR.
The contacts were based on the JKR theory in this study because the
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JKR theory has been widely used and tested and because the theory
includes the adhesion between two objects.

2.3 JKR and agglomerate – surface interface
During an inertial impaction, a particle may stick onto the surface or
bounce back to the gas flow. Whether the particle bounces depends
on the adhesion relation between the particle and the surface, with
the energy stored in the elastic deformations during the impaction
process.
According to the JKR theory, the adhesion between two objects
depends on their material properties, such as elastic modulus and
specific adhesion energy. In addition to these properties, plastic
deformation may change the shape of the particle, which will affect
the contact area between these two objects. This change has a direct
effect on the adhesion energy.

Figure 5. Example of an agglomerate contacting a surface
The adhesion between a sphere and a surface, according to the JKR
theory, may also be applied to agglomerates, with a couple of
assumptions. The contact between the agglomerate and the surface
20

occurs via primary particles. If M primary particles of the
agglomerate are assumed to contact the surface (Fig. 5), then the total
adhesion energy can be described as a sum of adhesion energies
between these primary particles and the surface. If all the contacts are
assumed identical, then the adhesion energy between the
agglomerate and the surface may be described as follows:

E ad 



M d 2
,
4

d  9 D pp  ( K S  K P )
2

2

[3]



1
3

[4]

2.4 The Weber number of an agglomerate
During impaction, energy is primarily consumed by elastic and
plastic deformations. The elastic deformation and the rebound energy
that is stored are the driving processes behind the bounce. In contrast,
the adhesion, which may be affected by both plastic and elastic
deformations between the particle and the surface, is the energy
barrier that is required to overcome by the rebound energy. The
energies during the impaction may be balanced as follows:
Ekin,i  Ead  Ekin, f  L

[5]

where Ekin, i is the initial kinetic energy, Ekin, f is the final kinetic energy,
Ead is the adhesion energy difference between the inbound and
bounce phases, and L includes the losses (Wang and Kasper, 1991;
Wang and Flagan, 1990). The bounce tendency may be expressed
with a Weber number We which describes the ratio of the kinetic
energy available for the bounce to the adhesion energy needed to
overcome for the particle to bounce. Because the relation of the losses
L and the initial kinetic energy may be described with the coefficient
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of restitution, e²=1-L/Ekin,i the Weber number may be written as
follows:
We 

E kin ,i e 2

[6]

E ad

By combining the equations [3], [4] and [6], and by assuming that the
mass of the agglomerate is the sum of the masses of N primary
particles, the Weber number for an agglomerate impacting at velocity
v can be written as follows (Paper III):
M 
Weaggl   
N

5

e 2 D pp 3  bulkv 2

1
7
6

5
3

4
3

9   (K S  K P )

2
3

.

[7]

The ratio of M to N describes the number fraction of the primary
particle in contact with the surface and it decreases as the
agglomerate size increases (this is shown in Paper III).
Plastic deformations, e.g., the break-up of the agglomerate, affect
the bounce. Three simplified scenarios may occur in which strong
plastic deformations and the bounce can be observed (Fig. 6).

Figure 6. Bounce probability in three different cases in which plastic
deformation occurs (Paper III). a) the particles plastically deform at the
same or lower velocities than bounce would begin to occur. b) the particles
22

first start to bounce; however, as the impaction velocity further increases,
plastic deformation occurs. c) plastic deformation occurs at high enough
impaction energies
1) The particles strongly deform at the same or lower velocities than
bounce would begin to occur. Here, the plastic deformation that is
experienced by the particles decreases the tendency to bounce and,
thus, increases the critical velocity for the bounce.
2) The particles first start to bounce; however, as the impaction
velocity further increases, strong plastic deformation occurs. As the
particles plastically deform, adhesion increases, and energy is
consumed on the deformation itself. Thus, it is possible that the
bounce rate decreases until the increasing impaction energy
overcomes the energy loss on the plastic deformation. Awasthi et al.
(2007) found this bimodal trend while simulating the rebound and
adhesion behavior of Lennard-Jones clusters.
3) Plastic deformation occurs at high enough impaction energies
where there is excess energy available for the bounce. Here,
fragmentation would not have a significant effect on the bounce.
As a particle impacts onto a surface, the two materials interact with
each other. Thus, in addition to particle properties, the properties of
the impaction surface may affect the outcome of the impact. The
surface material properties may affect the outcome in several
different ways. First, the adhesion between the particle and surface
affects the elastic energy that is required for the bounce. Then, the
elasticity of the surface material affects the force that the particle will
experience. Finally, charge transfer may occur during the impaction
and bounce. These possibilities are considered in Paper III.
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3 METHODS

3.1 Experimental
The experimental set-up (Fig. 7) was designed and built to fulfill the
following requirements. First, the characterization of both deposited
and bounced particles should be possible using this system. Second,
the analysis of bounced particles using online measurement devices is
also desirable. The method would then decrease the time
consumption of the analysis compared with the more traditional TEM
analysis.

Figure 7. The measurement set-up

A combination of a differential mobility analyzer (DMA; TSI inc.),
a single-stage micro-orifice uniform deposit impactor (MOUDI) and a
low-pressure sampling chamber were used to study the break-up and
bounce of the agglomerates. In this method, the generated
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agglomerates were first size-classified using a DMA to produce a
monodispersed size distribution, which was then introduced to the
MOUDI for the impaction process. The pressure conditions after the
MOUDI were below the atmospheric pressure. Thus, to be able to
analyze the bounced particles after the impactor, with the
measurement devices working at atmospheric pressure, the lowpressure sample had to be converted back to the atmospheric
pressure. For this purpose, a novel sampling chamber was designed
and used. This chamber allowed the semi-online measurement of the
bounced particles from low pressure.
In addition, samples for TEM were collected using an aspiration
sampler (Lyyränen et al., 2009) on copper-supported carbon films
with holes. The deposited particles were also collected for a later
analysis on a TEM-grid, which was on the impaction plate. To
characterize the intact particles, the same analysis and sampling
procedure were performed without the impaction plate.

Figure 8. Single-stage MOUDI
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3.1.1 Micro-orifice uniform deposit impactor
A single-stage MOUDI (MSP corp.; Marple et al., 1991) was used as
an impaction platform (Fig. 8). The stage contained 2000 orifices with
an approximate diameter of 55 µm. The impaction plate was covered
with aluminum foil, which was used as a default impaction plate
material. A small hole (smaller than the TEM-grid) was cut to the
aluminum foil, and a TEM-grid was placed between the foil and the
plate at the position of the hole. This set-up enabled a sample
collection for the TEM-analysis. The aluminum foil was also covered
with other metals using the sputtering technique to determine the
effect of impaction surface material on the impaction outcome.
During the impaction, the impaction surface may already contain a
particle that was deposited earlier at the location of the current
impact. To reduce the probability of this scenario, the impaction plate
was rotated at constant time intervals, which, thus, allowed an even
deposition of the particles on the entire impaction surface. The
estimated coverage of the area by particles was 3-10 % during this
study.

Figure 9. Scheme of the low pressure sampling chamber
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3.1.2 Low-pressure sampling chamber
A low-pressure sampling chamber (Fig. 9) was designed and built to
enable the sampling of the bounced particles. During the sampling
phase, the low-pressure sample was carried through the sampling
chamber until the chamber, which had a volume of approximately 60
l, was saturated with the aerosol sample. The saturation process was
aided by increasing the mixing in the chamber using baffles.
The basic principle of the operation of the sampling chamber was
as follows:
1.
The low-pressure aerosol sample flow from the impactor was
introduced into the sampling chamber.
2.
The outlet of the chamber was closed with valves.
3.
The chamber was pressurized to ambient conditions with
filtered air.
4.
A sample was taken for the aerosol analyzers and for the TEM
grid. The chamber pressure was maintained with filtered air, which
was introduced to the chamber at both ends.
The sampling chamber design was optimized by Computational
Fluid Dynamics (CFD) modeling to solve the flow field in the
sampling chamber during the sampling phase, i.e., in the conditions
where the sample is introduced from the impactor into the chamber
(Paper I). In addition, experiments were performed to test the
performance of the chamber and to answer the following questions:
What is the gas volume that needs to be sampled to saturate the
chamber to a uniform aerosol concentration? Is the number size
distribution constant after the pressurizing process, in which the
sample is pressurized to the atmospheric pressure? When taking the
sample from the chamber, how do the number size distribution and
particle concentration change over time due to particle losses? These
questions have been considered in Paper I.
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3.1.3 Chemical vapor synthesis
Chemical vapor synthesis (CVS) (Kodas, 1999; Lähde et al., 2011;
Miettinen et al., 2009) was applied for the generation of TiO2, copper
and iron oxide agglomerates in this thesis. A common generation
setup for CVS is presented in Fig. 7. The precursor was vaporized at
the desired temperature, which was controlled with the help of a
heated water bath. The vaporized precursor was then carried with a
carrier gas, which was typically nitrogen, to a laminar hot wall
reactor. The hot wall reactor consisted of a tube, heat elements and a
control unit. The feeding line before the reactor was also heated and
insulated to avoid condensation of the precursor material to the walls
of the line. In the reactor, the precursor material was thermally
decomposed, and primary particles were formed by nucleation. Due
to nucleation, coagulation, and agglomeration, the agglomerates were
generated. The aerosol generation process was quenched by applying
a dilution air with a porous tube diluter, as described previously by
Lyyränen et al. (2004).
In the case where a higher degree of sintering between the primary
particles of TiO2 agglomerates was desired (see, e.g., Eggersdorfer et
al., 2011), an additional hot wall reactor was used in the measurement
set-up after the size classification of the particles (Fig. 7). The
residence time in the sintering reactor was controlled using the
volume flow rate through the reactor.
Iron oxides with two different oxidation states were used: hematite
and magnetite. The oxidation state was controlled by regulating the
amount of oxygen in the reactor. The oxygen controlled iron oxide
generation has been investigated in the Paper IV.
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3.2 Impaction velocity simulations
The impaction velocity is one of the key parameters because this
parameter defines the available energy for the processes that occur
during impaction. The impaction velocities of the agglomerates were
estimated using a combined method of computational fluid dynamics
(CFD) simulations and Lagrangian particle trajectories. This method
is based on the work by Arffman et al. (2011), who estimated the D50
cutoff sizes of an electrical low pressure impactor (ELPI plus).
The flow of a single nozzle of the MOUDI was modeled in two
dimensions using the SST-k-ω-turbulence transfer model (Menter,
1994) and the advanced wall treatment of the ANSYS Fluent 12.1.4
software (ANSYS inc.). The particle trajectories were calculated by
integrating their equation of motion using an Eulerian method and
the flow field data obtained by CFD. The equations of motion were:

v( x1 , y1 )  v( x0 , y0 )  a( x0 , y0 )dt
[8]

( x1 , y1 )  v( x0 , y0 )dt  ( x0 , y0 )

where v and a indicate the two-dimensional particle velocity and
acceleration, respectively, at a given location (x0,y0) and after the time
step dt at location (x1,y1).
The acceleration of the particle was estimated with the drag force
Fd, which can be expressed for spherical particles as follows:

Fd , s 

3vd
,
Cc ( d ) ,

[9]

where n is the viscosity of the gas and Δv is the differential velocity
between the particle of diameter d and the medium gas. Cc represents
the Cunningham slip correction factor for the particle. An impactor
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classifies particles according to their aerodynamic size, i.e., the
diameter of a spherical particle with unit density that has the same
terminal velocity under gravity as the original particle. Therefore, the
acceleration of the particle in the flow field was modeled as follows:

a

18v
.
d a2Cc (d a ) 0

[10]

The outcome of the particle tracking simulations is that one can
obtain the impaction velocities of particles as a function of their
aerodynamic size. However, as real particles may have an irregular
shape, it was necessary to convert the electrical mobility sizes to
aerodynamic sizes. This conversion can be performed with the
following relation (Kelly and McMurry, 1992):

d a  db

Cc (db ) eff
Cc (d a ) 0

[11]

where ρeff is the effective density of the particles, and ρ0 is the unit
density. The effective density can be measured using a combination
of the aerosol particle mass analyzer (APM) and the DMA, as
described by Park et al. (2003), and the electrical mobility can be
measured using the scanning mobility particle sizer (SMPS).

3.3 Agglomerate characterization
The intact agglomerates were characterized using online methods for
their size (electrical mobility, SMPS) and mass (APM). This
characterization enabled the estimation of the fractal dimensions and
the size dependent effective densities of the agglomerates. This
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estimation was crucial because the effective density and its
dependence on size (fractal dimension) were used to characterize the
agglomerate during impact velocity simulations and to convert
number size distributions to mass concentrations. Further, the SMPS
was used to obtain the size distribution of the bounced fragments of
the agglomerates after the impaction. In addition to the online
methods, the surface area equivalent diameters of the intact and
bounced agglomerates were analyzed using TEM.

3.3.1 Scanning mobility particle sizer
The electrical mobility number size distribution was analyzed using a
Scanning Mobility Particle Sizer (TSI inc.), which is a combination of
a neutralizer, differential mobility analyzer (DMA) and a
condensation particle counter (CPC) (Wang and Flagan, 1990). The
operation principle of the SMPS is as follows: before entering the
DMA, the particles are charged with a natural charge distribution by
the neutralizer. In the DMA, the particles are carried by the airflow
between two coaxial cylinders with a voltage potential difference. The
particles experience a Coulomb force, which drive them toward the
inner wall of the DMA due to the electric field. As the air resists this
movement as a drag force, the forces balance each other out, and the
particle travels toward the wall at a constant velocity according to the
electrical mobility of the particle. The particles of certain electrical
mobility are able to travel to the sample exit point, from which the
monodispersed population is carried to the CPC for number
concentration measurements. By changing the voltage of the DMA,
the desired size range of the particles and their corresponding
concentrations, i.e., the electrical mobility number size distribution,
can be scanned.
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3.3.2 Aerosol particle mass analyzer
The aerosol particle mass analyzer (APM) classifies the particles by
their mass to charge ratio (Ehara et al., 1996). The APM consists of
two rotating coaxial cylinders with a cap and an electric field between
the cylinders. As a charged particle moves through the APM, the
centrifugal force drives the particle toward the outer cylinder, and the
electric field induces a Coulombic force toward the inner cylinder. If
these forces balance out, then the particle is not driven to the walls
and, thus, is able to exit the APM. The APM classifies the particles by
their electric charge to the mass ratio. For singly charged particles, the
APM classifies the particles by their mass.

3.3.3 Measurement method for effective density
The ability to classify the particles by mass (APM) and electrical
mobility (SMPS) was exploited to evaluate the size-dependent
effective densities of the agglomerates. The particles were first run
through the APM, and the size distribution of the mass-classified
particles was then measured with the SMPS. By applying a lognormal
fit for the SMPS data, the mode value for the electrical mobility was
found. By changing the APM voltage setting, the electrical mobility
diameter of agglomerates of different mass could be obtained. A
similar system has been previously used by, e.g., Malloy et al. (2009);
McMurry et al. (2002).

3.3.4 Transmission electron microscopy
The intact particles and the bounced particles were collected for TEM
(JEM-2100F, JEOL Ltd.) analysis using an aspiration sampler
(Lyyränen et al., 2009), which was on holey carbon copper grids
(Agar Scientific Inc. S147-400 Cu). The deposited particles were also
collected for TEM analysis on carbon film on copper mesh grids
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(S160-400 Cu), which were located on the impaction plate during the
measurements.

3.3.5 Fractal dimension and effective density
The fractal dimension Df,gyr describes the power law relation between
the radius of gyration dgyr and the number of primary particles N
(Mandelbrot, 1983):
 d gyr
N  C
d
 pp






D f , gyr

[12]

where dpp and C are the radius of the primary particle and a prefactor,
respectively. This fractal dimension is based on the radius of
gyration. An analogous power law has been used to describe the
relation between the mass m and the electrical mobility diameter de of
the agglomerate (Park et al., 2003):
 d 
m  C e 
d 
 pp 

Df

[13]

As the effective density ρeff can be defined using the mass and the
electrical mobility as follows (Park et al., 2003):

 eff 

m
(1 / 6)d e

[14]

3

The relation between the effective density, electrical mobility
diameter and the mass-based fractal dimension can be written as
follows (Park et al., 2003):
D f 3

eff  D' d e

[15]
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3.3.6 Mass-based bounce fraction
The mass concentration of the intact and bounced particles was
calculated using the number size distributions and with the sizedependent effective density. The noise of large particle data in the
SMPS, however, produces oscillating results due to the power of
three (with spheres) relation between diameter and the mass. To
cancel out this error, the number size distribution data of the SMPS
were fitted to lognormal distributions using the least squares method.
There were two modes in the fitting of intact particles, which
described the singly and doubly charged particles. The size
distribution of the bounced particles was fitted to three modes. One
mode described the broken fragments, and the other two modes
described the singly and doubly charged intact particles, which did
not fragment during impaction.
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4 RESULTS AND DISCUSSION

4.1 Impaction velocity results
To estimate the impaction velocities, the trajectories of the particles in
a MOUDI were simulated (Paper II). The impaction velocity was
affected by the operation conditions of the MOUDI (pressure
difference over the jet plate) and by the particle aerodynamic
diameter. In Fig. 10, the simulated maximum velocity of the particle
in the jet and the impaction velocity of the particle are presented for
the case in which the pressure difference in the impactor was 250
mbar, i.e., the highest value that was applied during the
measurements. The figure shows that, as the aerodynamic diameter
increases, the impaction velocity also first increases. This increase is
due to the higher inertia and thus stronger impaction of the particle
as the aerodynamic diameter becomes larger. At the same time,
however, the acceleration of the particle in the jet before the
impaction plate also decreases due to the inertia as the aerodynamic
diameter is increased resulting in lower maximum velocity. These
two competing phenomena cause the maximum in the impaction
velocity curve as shown in Fig. 10.
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Figure 10. Simulated maximum particle velocity and impaction velocity as a
function of aerodynamic diameter. The pressure difference was 250 mbar
The impaction velocities of the particles, which were normalized
using the average jet gas velocity at different pressure differences
over the impactor, are shown in Fig. 11. Marple (1970) used
simulations to demonstrate that, at high Stokes region, the ratio of the
impaction velocity to the average jet velocity is 0.85. This relation has
been used to estimate the impaction velocities in studies of the
impaction behavior of nanoparticles. However, as the simulation
results in Fig. 11 show, this relation overestimates the impaction
velocity at lower Stokes values. As the Stokes number increases, the
ratio reaches the maximum value of 0.9.
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Figure 11. Ratio of the impaction velocity to the average jet velocity. The
average jet velocity at the given pressure difference is shown in the legend.
The square root value of Stokes number (x-axis) is proportional to the
particle diameter

4.2 Agglomerate and system properties that
affect the fragmentation and bounce
The fragmentation and bounce of nano agglomerates of different
properties were studied in Papers II and III. The effects of the degree
of sintering, primary particle size, agglomerate size and agglomerate
material were experimentally explored. The results are shown in Figs
12-17 and in Tables 1 and 2. In the following section, we interpret the
results and discuss the implications of the results.
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Figure 12. TEM micrographs of A) TiO2 (base case), B) TiO2 (smaller
primary particle size), C) TiO2 (higher degree of sintering), D) magnetite, E)
hematite and F) copper agglomerates

4.2.1 The agglomerates
The impaction behavior of agglomerates with different properties
was studied experimentally. The agglomerate material, agglomerate
size, primary particle size and the degree of agglomerate sintering
were varied to explore their effect on fragmentation and bounce
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during the inertial impaction. The agglomerate types are shown in
Table 1, and the TEM micrographs are shown in Fig. 12.
Table 1. Agglomerate properties that were used in this study
Material

Agglomerate size
[nm]

Primary particle
size [nm]

TiO2
TiO2
TiO2

250, 300, 400
250
250

27
16
27 + sintering

Magnetite

250

10

Hematite
Copper

250
150

5
<10

4.2.2 Impaction velocity
The size distributions of the bounced TiO2 particles as a function of
impaction velocity are presented in Fig 13. Increasing the impaction
velocity decreased the average size of the bounced particles and
increased the number concentration. Three distinct features were
observed in the results. First, the geometric mean diameter (GMD)
(Fig. 13) of the bounced particles depended on the particle type and
on the impaction energy. Up to 27 bonds broke up at the highest
impaction velocity (Fig. 15), which indicated that the agglomerates
fragmented into up to 28 pieces. Second, the change in the bounced
particle size decreased as the impaction energy increased. Third, all of
the agglomerates did not break up for the cases of smaller primary
particle size and a high degree of sintering (Fig. 14). Similar results
were obtained also for iron oxide agglomerates.
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Figure 13. Measured size distributions of the bounced TiO2 fragments. A)
TiO2 (base case), B) TiO2 (smaller primary particle size), C) TiO2 (higher
degree of sintering) and D) geometric mean diameter of bounced and deagglomerated particles measured with SMPS

4.2.3 Degree of sintering (Paper II)
The effect of the degree of sintering was evaluated by increasing the
degree of sintering of generated TiO2 agglomerates and by comparing
the impaction results to the base case. The results in Figs. 13-14 show
that increasing the degree of sintering affected both the fragment size
and the mass-based bounce fraction. The sintering that was applied to
the agglomerates strengthened the bonds between the primary
particles, which resulted in less broken bonds per agglomerate due to
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the impaction (Fig 15). In addition, a significant fraction of the
agglomerates that bounced were non-fragmented.

A) TiO2 (base case)

B) TiO2 (higher degree of sintering)

C) TiO2 (smaller primary particle size)

D) Magnetite

Figure 14. Mass fractions of the bounced TiO2 and magnetite agglomerates
The mass-based bounce fraction remained at an approximately
constant level through the impaction energy range. Two modes were
visible: non-fragmented and fragmented particles. The nonfragmented particles dominated the bounced fraction at the lowest
impaction energy, and the broken fragments became dominant as the
energy was increased.
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4.2.4 Primary particle size (Paper II)
Decreasing the primary particle size of TiO2 agglomerates from 27 nm
to 17 nm slightly increased the fragment size of the bounced particles
at the same kinetic energy (Fig. 13), and thus, approximately the same
number of bonds broke during the impaction (Fig. 15). However, the
degree of fragmentation decreased significantly. This decrease was
due to the higher number of intact bonds in an agglomerate of
smaller primary particle size than in the case of larger primary
particles.

Figure 15. Number of broken bonds per agglomerate
The bounce fraction decreased significantly when the primary
particle size was smaller (Fig. 14). This significant decrease may be
attributed to smaller primary particle size; however, the exact process
remains unknown. The ability to store elastic energy by an
agglomerate with a smaller primary particle size compared with an
agglomerate with larger primary particle size may be one potential
reason.
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4.2.5 Agglomerate size (Paper II)
The results of the impaction study of TiO2 agglomerates of different
electrical mobility size are shown in Table 2, in which the same
pressure difference over the jet plate was maintained at a constant.
There were no significant changes in the fragment size or kinetic
energy per broken bond, although the intact particle size varied from
250 nm to 400 nm. Two main factors affected this result. The first
factor is the increased number of bonds in larger intact agglomerates;
more bonds must be broken to achieve a certain fragment size than in
the case of smaller intact agglomerates. The number of bonds in an
agglomerate can be estimated as directly proportional to the mass of
the agglomerate. In contrast, the available kinetic energy is directly
proportional to the mass of the agglomerate. Thus, the additional
mass provides the extra energy that is required for the larger intact
agglomerate to fragment to the same size of fragments as the smaller
intact agglomerate fragments.
Table 2. Geometric mean diameters of the bounced particles that were
measured using the SMPS for a 150 mbar pressure difference

Case

Base case, 250nm agglomerate

300-nm
agglomerate

400-nm
agglomerate

Intact agglomerate size [nm]
GMD [nm]
E/broken bond [1e-14 J]

250
78
1.1

300
80
1.0

400
79
1.2

4.2.6 Agglomerate chemical composition (Paper III)
In addition to the TiO2 agglomerates, the impaction behavior of the
iron oxide particles was also experimentally determined. The
oxidation state of iron was controlled during the production phase,
and impaction experiments were conducted for both iron oxide types:
magnetite and hematite. However, because the results were
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extremely similar in both cases, only the results for magnetite are
shown here. With magnetite particles, the bounce fraction reached its
minimum at the second lowest impaction energy (Fig. 14). As the
energy was increased beyond this level, the bounce fraction
increased.
As in the cases of smaller primary particle diameter and a higher
degree of sintering for TiO2, both the non-fragmented and
fragmented magnetite particles were observed, and the overall
bounce fraction behavior depended on these two modes and on how
these two modes compare with each other. With magnetite particles,
these modes were quite separate, which resulted in a notch to the
total bounce fraction. In that notch, the adhesion and energy
consumption due to the plastic deformations overcame the increased
impaction energy, which resulted in a lower bounce fraction than at
the lower impaction velocity. This was affected by the increased
relative adhesion due to fragmentation of the agglomerate and the
energy consumption during fragmentation. Similar behavior was also
found for TiO2 with smaller primary particle size.
The copper particles were impacted only at the highest velocity
that was available; however, still there was no significant particle
bounce. The average projected area equivalent diameter values,
which were analyzed using TEM micrographs of the deposited
particles (Fig. 16) show that only small fragments disintegrate from
the intact agglomerates. This produces a bimodal distribution of large
and small deposited particles.
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Figure 16. A) Projected area equivalent size distributions of deposited and
intact copper agglomerates. B) TEM image of the deposited copper
agglomerate

4.2.7 Impaction surface material (Paper III)
TiO2 and magnetite agglomerates were impacted on the impaction
surfaces of aluminum, titanium, silver, copper and iron. Fig. 17 shows
the fragment size of the bounced particles and the mass-based bounce
fractions. Although the impaction surface materials had quite
different properties with respect to surface adhesion, elasticity and
tendency for the charge transfer, the results suggest that the
impaction plate materials that were used during this study did not
have a significant effect on the break-up or the bounce. It has been
reported that the impaction plate material does affect the particle
bounce when the impaction velocities are low Wall et al. (1990).
However, when the impaction velocities are higher, the effect of the
plate material diminishes. This observation is further confirmed here
experimentally because the impaction velocities were quite high in
this study. Salman et al. (2002) found in their impact fragmentation
study of over a millimeter particles that, if the target material was
thin enough, then the fragmentation decreased due to the bending of
the target material. These researchers found this effect on the target
material thickness of less than 5 mm, whereas the impacting particle’s
diameter was approximately 5 mm.
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Figure 17. The bounce fraction and the GMD values of the bounced and deagglomerated A) magnetite and B) TiO2 particles with impaction surface
materials of Al2O3, Ti, Ag, Cu, Fe2O3
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5 REVIEW OF THE PAPERS
Paper I describes and tests a method for the simultaneous
investigation of the fragmentation and bounce of the aerosols during
impaction. The lack of knowledge regarding simultaneous bounce
and fragmentation is the motivation for the development of the new
novel method. The method was used to impact TiO2 agglomerates at
one impaction velocity, and deposited and bounced fragments were
characterized.
In paper II, the method that was described in Paper I was applied
to study the impaction behavior of TiO2 agglomerates with different
properties. The primary particle size, degree of sintering and
agglomerate size were varied to determine how these changes
affected the fragmentation and bounce during inertial impaction. A
higher degree of sintering was found to increase the fragment size
because the interparticle contacts were strengthened due to the
sintering process. The agglomerates and their fragments were found
to prefer to stick to the surface as the primary particle size was
decreased. It was also evident that some of the agglomerates
bounced, but did not fragment, during the impaction process. To be
able to estimate the initial kinetic energy before impaction, the
impaction velocities of the agglomerates were evaluated by
simulating the particle trajectories in the impactor using the
combined methods of CFD and Lagrangian path calculation.
Paper III concentrated on the bounce of the iron oxide
agglomerates compared with those agglomerates of TiO2. As the
impaction energy increased, two competing mechanisms affected the
outcome of the bounce: the increased adhesion and energy
dissipation due to the plastic deformation and the increased energy
that was available for the bounce. The result was that the bounce
fraction was not always monotonically increasing. In Paper III, the
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effect of the impaction surface material was also examined. This
material was not found to have a significant effect on the break-up
and bounce processes at the conditions that were used in Paper III.
In Paper IV, the generation of iron nanoparticles with controlled
oxidation states in an aerosol phase was studied. The atmospheric
pressure chemical vapor synthesis was applied, and magnetite and
hematite were synthesized by controlling the amount of oxygen in
the reactor. In addition to the empirical measurements,
thermodynamic equilibrium calculations and CFD model were used
to predict the oxidation state and the reaction conditions.
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6 CONCLUSIONS
Understanding the processes during an inertial impaction of an
agglomerate is crucial in aerosol technology fields that involve, e.g.,
aerosol transport or aerosol measurements. There are few studies
regarding fragmentation during inertial impaction, particularly for
nanosize particles, and studies regarding bounce of nanosize particles
are even rarer. Nevertheless, during the inertial impaction, both
aspects are important and co-exist. This thesis sheds light on the
impaction behavior of nanosize agglomerates by considering both
fragmentation and bounce.
A measurement system was designed and built to study the
inertial impaction of nano particles and to characterize the deposited
and bounced particles simultaneously. With this method, the inertial
impaction of agglomerates of varying properties was inspected.
The agglomerate properties had an effect on their impaction
behavior. For example, the bounced fraction decreased but the
fragment size did not change notably as the primary particle size was
decreased. Enhanced degree of sintering increased the fragment size
due to stronger bonds between the primary particles. At the lowest
impaction velocity, a considerable fraction of the agglomerates
bounced without fragmentation at the lowest impaction velocity in
most cases.
Some of the particles did not fragment during impaction. This
phenomenon was observed, e.g., in the case where a higher degree of
sintering between the primary particles was used to increase the
strength of contacts. The fraction of the non-fragmented agglomerates
was the highest at the lowest impaction velocities, where the
available kinetic energy was the lowest.
An important observation was that the bounce fraction did not
increase with the increasing impaction velocity in every case. This
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was probably due to increased adhesion between the agglomerate
and the surface that arises from the fragmentation. In addition, the
fragmentation process reduces the energy available for the bounce.
The agglomerate size was found to have little effect on the fragment
size that resulted from the fragmentation. The intact agglomerates of
250 nm, 300 nm and 400 nm produced approximately the same
average fragment size. This result was because the kinetic energy of
the agglomerate increased as the size, and the mass, of the particle
increased. Finally, approximately the same amount of energy (1 – 1.2
e-14 J) was estimated to be used per broken bond in each size fraction
of an agglomerate.
The impaction plate material had little effect on either the
fragmentation or the bounce. However, only metallic impaction
surface materials were used and the velocities were relatively high.
Many of the basic phenomena that take place during the impaction
of nanosize agglomerates were studied. However, not all the
parameters that are involved in the impaction process, such as the
impaction angle and surface roughness, were covered and, thus,
require further work. The physics behind the processes are far from
simple, and theoretical framework describing the processes and
outcome of inertial impaction, which include both the deformation of
the agglomerate and bounce, is not easily obtained. Thus, one of the
key aspects that requires more work is the coupling of the
experimental results to simulation models. This coupling would
allow a better understanding of the processes that are involved and
could ultimately give the tools for the predictions of the impaction
behavior of agglomerates with arbitrary properties. These predictions
would be useful for, e.g., determining how substantial the effect of
the break-up and bounce of nuclear aerosols has on aerosol release in
severe nuclear accidents.
In the future, one interesting application of the experimental
device developed here is the online detection of the properties of
various agglomerates. For example, in the engineered nanoparticle
manufacturing processes, it is important to know whether the process
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produces “hard” or “soft” agglomerates. Additionally, the methods
that are described in this thesis can be utilized for online primary
particle determination. Both of these applications may be important
for e.g. combustion or aerosol-based nanomaterial synthesis purposes
and makes the process control much faster than is currently possible
with offline analysis methods.
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