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Recently there has been development of a new compact on-board sensor to measure
particle mass concentration. This electrical sensor is very compact and simple, and it
has a wide measurement range and a short response time. The signal received from the
sensor correlates well with results received using other commercial particle mass
Sensors.

The operation principle of the sensor is not totally understood. The sensor collects soot
particles using a strong electric field and the current is measured from the depositing
soot particles. However, the electric current received from the sensor is approximately
three orders of magnitude larger than the current available from the natural charge of the
particles. This implies that there must be some kind of process inside the sensor that
amplifies the electrical signal.

The main hypothesis for this is the electrically stimulated agglomeration. In this
phenomenon the soot particles accumulating on the electrodes form dendritic structures
due to the electric field inside the sensor. After these dendrites grow to a certain critical
length, large fragments called charge carrier agglomerates detach and move into the
other electrode. These large agglomerates carry a very large total charge, and thus cause
a large current signal in the sensor.

In order to validate this hypothesis the properties of the large agglomerate particles have
to be well known. To investigate these large agglomerates a sensor mimicking cell was
designed and built. This mimic cell consists of three parallel electrodes that can all
either be set to a certain electric potential or used to measure accumulating current with
an electrometer. The cell was also designed in a way that samples from the fragments
could be taken to an electron microscope for further examination.

In this thesis the operation principle of the sensor was replicated with the mimic cell and
the charge carrier agglomerates were examined. The two main properties, particle
diameter and charge number, were defined for the charge carrier agglomerates. It was
also investigated if the primary collection field strength had any effect on this
phenomenon.
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Viime aikoina on kehitetty uudentyyppinen nokianturi, joka mittaa massapitoisuutta
ajoneuvon pakosarjasta. Tdma sdhkoinen anturi on hyvin kompakti ja yksinkertainen, ja
silld on laaja mittausalue ja lyhyt vasteaika. Anturista saatu signaali korreloi hyvin
muilla kaupallisilla mittalaitteilla saatujen tulosten kanssa.

Anturin toimintaperiaate ei kuitenkaan ole vield tiysin selvd. Anturista saadun signaalin
suuruus on noin kolme kertaluokkaa suurempi kuin mitd mitattavien hiukkasten
kuljettama varaus on. Tamd vddjaamaittd merkitsee sitd, ettd anturin sisdlld tapahtuu
jokin ilmid, joka vahvistaa sdhkdisti signaalia.

Tarkein hypoteesi signaalin vahvistukseen on tdlld hetkelld sdhkdstaattinen
kenttdohjautuva yhdistyminen. Siind nokihiukkaset kerddntyvit elektrodien pinnalle
anturin sisélld olevan sdhkdkentdn vuoksi ja muodostavat sdiemdisid rakenteita. Kun
sdikeiden koko ylittdd tietyn kriittisen pituuden, suuria agglomeraattihiukkasia alkaa
irrota ja ne siirtyvdt toiselle elektrodille. Ndmé suuret agglomeraatit kuljettavat
mukanaan erittdin suuria kokonaisvarauksia, ja siten ne aiheuttavat suuren virtasignaalin
anturissa.

Tédmédn ilmidn tutkimiseksi on suunniteltu ja rakennettu anturin sdhkdistd rakennetta
matkiva kenno. Tédmd kenno koostuu kolmesta rinnakkaisesta elektrodista, jotka
voidaan kaikki joko asettaa tiettyyn sidhkdiseen potentiaaliin tai kédytetddn mittaamaan
kertynyt sdhkovirta elektrometrilld. Kenno on my0s suunniteltu siten, ettd irronneita
agglomeraatteja voidaan kerdtd erilliselle niytealustalle ja viedd néytteet
elektronimikroskoopille jatkotutkimuksiin.

Téssd tydssd pyritddn toistamaan edelld kuvattu ilmid rakennetun elektrodikennon
kanssa ja tutkimaan tarkemmin irronneita agglomeraattihiukkasia. Néille mééritetdin
myo0s hiukkasldpimitta ja varausluku virtamittausten ja elektronimikroskopian avulla.
Ty6ssd tutkitaan myos alkuperdisen kerdyskentin vaikutusta ilmion tapahtumiseen ja
irronneiden agglomeraattien rakenteeseen.
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1. INTRODUCTION

Human activities cause a lot of fine particle emissions into the atmosphere. The largest
anthropogenic particulate emission sources are transport, industry, power plants and
household emissions (Karagulian et al., 2015). Particle emissions have been shown to
have significant negative health effects (Lelieveld et al., 2015; Dockery et al., 1993).
They have been shown to shorten the average lifespan of people, and in 2010 exposure
to fine particulate matter estimated up to 3.2 million premature deaths (Straif et al.,
2013). The threat is significant especially in large cities and densely populated areas.
Globally about 25 % of PMas-emissions in urban areas are caused by traffic
(Karagulian et al., 2015). Some gaseous emissions are also emitted from traffic, for
example CO2, CO and NOx emissions.

Emission limits are set to reduce these harmful emissions, which vary slightly according
to country or continent. To meet these emission standards, vehicle manufacturers are
obliged to improve the aftertreatment of gaseous and particulate emissions. Particulate
matter from vehicle emissions has been reduced through a wide range of particle filters.
In particular, diesel particulate filters (DPF) are widely developed (Guan et al., 2015),
and also new innovations in the filters of the continuously investigated (Han et al.,
2015).

To monitor the operation of these filters, sensors are needed to measure the particle
concentrations. This way it can be ensured that the vehicle emissions stay within the
national or continental limits. A common way to evaluate the amount of particulate
emissions has been to measure the total particulate matter. Recently, a compact and
cost-effective sensor has been developed called PMTrac® (EmiSense Technologies
LLC). This sensor measures the total mass concentration of the particles directly in the
exhaust gas. It consists of two coaxial cylinders, and an electric field is generated
between them. Measurements made with the sensor correlate well with the results from
other devices.

The sensor operating principle is not clearly understood. The operation of the sensor is
based on the collection of the naturally charged soot particles, from which the charge is
measured as an electric current. During the sensor operation it has been noted, that the
measured current is several orders of magnitude higher, that what can be expected from
the soot particle collection. One hypothesis based on dendrite formation in the high
electric field and subsequent highly charged fragment detachment. These fragments
would transfer their charge on the measuring electrode and amplify the received electric



current. Another hypothesis for the operation principle is based on electrostatic
discharge from the dendrite structures but this is not investigated further in this work.

In a previous study a model has been constructed to describe the dendrite growth and
fragmentation. The dendrite formation occurs using a two-electrode system and the
natural charge of the soot particles generated in a combustion process. The dendrites are
formed on the electrodes resulting in a quiescent period in the amplification
phenomenon. The duration of this period is inversely proportional to soot concentration,
and in normal operating conditions it can last hundreds of seconds. After the dendrites
grow to a critical height, fragments start to detach from the dendrites. The detaching
fragments were examined with optical methods. According to these measurements, the
fragments are large, in the order of 10 um, and they carry approximately tens or
hundreds of charges. During this event the current on the measurement electrode rises
rapidly to nanoamperes, which is likely due to the large charge of the detaching
fragments. By this time the system has reached a dynamic equilibrium, where the
dendrite formation and fragment detachment occur simultaneously with the same rate.
(Bilby, et al., 2016)

This work studies the formation of these dendrite structures as well as the properties of
the charge carrier agglomerate particles. First, a cell mimicking the sensor electrode
system is built to observe the detatching charge carrier agglomerates in further detail. In
this thesis the development of the cell structure is described in detail. The final mimic
cell consists of three electrodes, each electrode can be set to an independent potential, or
current measurement can be made from the electrodes individually. The proper
functionality of this mimic cell is tested and an estimation of the collection efficiency is
measured. After that the size distribution of the charge carrier agglomerate particles is
studied using microscope images received from the scanning electron microscope.
Using the size distribution and an electrometer measurement an average charge number
is calculated.



2. SOOT PARTICLES: PROPERTIES AND
PROCESSES

Soot is a pollutant often associated with vehicle emissions. It is generated mostly in
diesel-powered engines, and the soot emissions in these vehicles are controlled with
particular filters. Despite this the vehicle particular emissions are quite significant and
they cause major problems in densely populated areas. Soot is known to have negative
health effects, and it is a highly carcinogenic pollutant (Shiraiwa et al., 2012). Soot
particles are especially dangerous due to their small size which enables them to travel
deep into the respiratory tract, all the way to the alveoli (Broday & Rosenzweig, 2011).
Vehicle particle emissions also contain some small concentrations of sulfuric acid and
hydrocarbons.

In this section the main properties of soot particles are examined in further detail. The
formation mechanism is presented in order to explain the irregular shape of the soot
agglomerates. After that the relevant particle properties considering soot and this thesis
work are introduced. Finally the electrical charging mechanisms of particles in general
are examined and their importance in the case of soot particles is assessed. Also the
conductive nature of carbon and the effect of this property on the behavior of soot
particles is discussed as the charge and conductivity of soot is thought to play a major
role in the phenomenon examined in this work.

2.1 Soot

Soot particles are generated as a result of incomplete combustion. They are generated
especially in diesel engines due to their combustion mechanism, in which the
combustion air and fuel are mixed in the combustion chamber. Soot is generated usually
when the air-fuel ratio is low. A soot-producing flame can be easily identified by the
characteristic yellow color.

Soot particles are formed when polycyclic aromatic hydrocarbons combine to each
other. These are formed mainly of acetylene CoH», which is produced under oxygen-
deficient conditions. Initially acetylene CoH; is combined with CH-molecules to form
CsHsz-molecules that combine with each other to form benzene rings CsHs. These
benzene rings are combined with more acetylene or benzene molecules, and over time
they grow to be the primary particles of soot agglomerates having a diameter of about 5
nm. A schematic diagram of the formation of primary particles is shown in figure 2.1.
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Figure 2.1 A visualization of soot particle formation in a combustion reaction.
(Warnatz et al., 2010)

And so, the 5 nm primary soot particles are formed (Mathis et al., 2005). These are
further linked with each other to form about 100 nm in size soot agglomerates whose
fractal dimension is about 2.3 (Olfert et al., 2007). Soot particles consist mainly of
carbon, and one soot agglomerate contains an average of 10°-10° carbon atoms
(Warnatz et al., 2010). Soot particles originated from diesel vehicles are bipolarly
charged, and about 60—80 % of the particles are charged, and the rest of the particles are
electrically neutral (Maricq, 2006).

The main requirement for the emergence of soot is a locally low amount of combustion
air. In this case, a sufficient amount of acetylene is present in order to begin the
formation process. Formation of the first benzene ring is a limiting factor in the reaction
rate, as the growth and agglomeration take place quickly. Also, the temperature should
be favorable, about 1300-2000 K. At lower temperatures, the amount of reactants is too
low, and at higher temperatures the oxidation is rapid. (Warnatz et al., 2010)

2.2 Key properties of soot particles

These fine soot particles are called aerosol particles. Combined with the surrounding
gas they form a colloidal system called an aerosol. The physics of aerosol particles is
very unique since the particles are too large to be considered as molecules, but too small
to be analyzed using basic mechanics. The size range of different aerosol particles is



very wide, ranging from 1 nm up to 100 um. In the following section some basic
aerosol particle properties regarding soot particles and the scope of this thesis are
introduced.

2.2.1 Mobility

The main factors affecting an aerosol particle’s movement in a fluid medium are the
size of the particle and the fluid’s ability to resist deformation or stress. As a particle is
falling in a fluid, the particle experiences a drag force. When the flow on the particle
surface is laminar, the drag force is received from Stokes' law as

F, = 3mnvd,, (2.1)

where 7 is the fluid viscocity, V is the particle velocity relative to the fluid and d,, is the
particle diameter. (Hinds, 1999)

As a continuum equation, the Stokes' law presumes that the velocity of the gas on the
particle surface is zero. As the particle diameter approaches the free mean path of the
gas molecules this presumption does not remain valid. To extend the applicability of
Stokes’ law to smaller particle sizes the slip correction factor C. is used, which has an
empiric formula of

A 0302
C.=1+—|2.34+ 1.05¢ 7|, (2.2)
dp

where A is the mean free path, which is the average distance the gas molecules move
between two consecutive collisions (Allen & Raabe, 1982).

The slip correction factor has notable significance, when the particle diameter is below
100 nm. When this is added to equation 2.1, the Stokes' law is corrected into form:

3nnVd,

(2.3)

The drag force makes it possible to get to measurable quantities. We can now determine
the mechanical mobility B, which is the ratio of particle velocity and the exerting drag
force:

/A

Fy - 3nnd,

(2.4)

In many electrical measuring instruments an electrical mobility Z is used, which is the
product of particle charge and mechanical mobility:



necC.
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1 ne 3nnd,

(2.5)

where q is the particle charge, n is the particle charge number and e is the natural
charge. Particle size is often defined from its mobility. However, in this case there is a
possibility that larger particles with multiple charges have the same electrical mobility
as smaller particles with a single charge. This causes some error when measuring
particle size distributions with instruments measuring electrical mobility. This can be
corrected if the charge distribution is well known. (Hinds, 1999)

2.2.2 Effective density

According to Newton's first law, a particle maintains its state of motion when the
affecting total force is zero. When an aerosol particle is falling the velocity quickly
becomes constant due to the gravitational force and the drag force being equal but in
opposite directions. An equation can be formulated for the terminal settling velocity as

_ ppdbgCe  podigCe
57 18ny 18y '

(2.6)

where g is gravitational acceleration,d, is the particle aerodynamic diameter, d, is the
particle mobility diameter, p, is the particle density, p, is the density of water (1 g/em?)
and y is the dynamic shape factor. When we combine the shape factor and particle
density, we obtain an effective density peg, as in the following equation:

_ Po Cc(da)dg

= 2.7

The effective density contains information about the non-spherical shape of the particle.
(Hinds, 1999)

With spherical particles the effective density is the same as the material's bulk density.
A mass fractal dimension D¢ can be defined for particles with a fractal-like structure
(Virtanen et al., 2003). Effective density and fractal dimension can be combined using
equation (Hinds, 1999)

Poit & dy' . (2.8)

D¢ receives values between 1-3, where 1 is completely 1-dimensional (line), 2
completely 2-dimensional (e.g. plane) and 3 completely 3-dimensional (e.g. sphere)
particle. 1- and 2-dimensional chained particles are formed from single spherical
primary particles. They collide due to diffusion or some other mechanism and merge



with one another (coagulation) or stick to each other without merging (agglomerate).
Especially in combustion processes agglomeration is fairly common.

Soot particles are an example of these combustion generated agglomerate particles with
a fractal dimension smaller than three. Because of the soot formation mechanism these
agglomerates are hard to break up to primary particles. Some information on the soot
particle shape can be obtained by measuring the aerodynamic and mobility size
distributions, and use that information to calculate the effective density.

2.2.3 Particle charging mechanisms

Soot, and all aerosol particles in general, have a significant probability to have an
electric charge. This charge is caused by positive or negative ions attaching on the
surface of the particle through different mechanisms. The charge distribution of a
particle group is determined by charging process, and the charging probability is
generally a function of particle diameter. There are primarily three possible particle
charging mechanisms, which will be introduced next.

Thermal ionization is the main charging method in the case of soot particles (Balthasar
et al., 2002). At high temperatures, for example in a flame, the surrounding gas
molecules are ionized resulting into positive and negative ions (Hinds, 1999). These
ions then attach on the surface of the soot particles. The bipolar charge distribution
constructed through this mechanism is usually symmetric with respect to polarity
(Hinds, 1999). In the case of soot particles studies have shown that around 60-80 % of
the particles are electrically charged, half of the particles being positive and the other
half negative, with a maximum of 4 elemental charges per particle (Maricq, 2006).

The ions in the air can also be generated in other ways. One option is to use a corona
discharge where the particles are directed through an ion cloud generated by the corona.
These ions then attach on the particles producing a unipolar charge distribution. This
method is utilized in a corona charger used in the measurements of this work. The other
option to create ions is to use radioactive materials, for example krypton. These
chargers generates a well-known bipolar equilibrium charge distribution. Conserning
these methods there are two processes to generate the charge distribution. In the first
process called diffusion charging the collisions between ions and particles are caused by
the Brownian motion. The other process is called field charging where an external
electric field is added to guide the ions on the particle surfaces. Diffusion charging is the
dominating process in small particle sizes whereas field charging dominates in large
particle sizes. (Hinds, 1999)

The charge state of particles can change when coming into contact with a surface. The
impact may result in charge transfer, which is due to two things: contact charging and



the transition of particle charge to the surface. This can be described using the following
equation (John, 1995):

Qtotal = Qcontact + Qtransition (29)

Contact charging (Qcontact) 1S due to material differences in the desire to maintain their
own electrons (Horenstein, 2004). The transferred amount of charge is associated to the
work function of the materials. However, the charge transfer is not very common
between conductive materials as local charge differences level out due to the free
electrons in the electron structure of the metal (Matsusaka et al., 2010).

The transition of particle charge (Qiransition) 1S @ fraction of the original charge of the
particle Qq:

Qtransition = ﬁQO (210)

In the case of conductive particles in contact with a conductive surface, such as soot on
a metal plate, all of the particle charge is transferred onto to the surface, meaning § = 1.
For dielectric particles only a part of the original particle charge, and £ is dependent on
the contact area between the particle and the surface. (John, 1995)

Due to the repulsion of like charges there is a maximum value for the electrical charge
on a particle. When solid particles receive a very large charge, the electric field on the
particle surface gets so large that it starts to spontaneously emit electrones. This limit
value for the charge number is

dyE,

~ 4Kge’

n. (2.11)

where E| is the maximum electric field induced on the surface. For electrons the value
is 9 - 10® V/m. Emitting a positive ion is much harder and requires a larger electric field.
In this case the field limit value is 2.1 - 10'° V/m. This equation can be used to evaluate
the charge numbers obtained for the charge carrying agglomerates later in this work.
When liquid particles receive a sufficiently large charge number, the repulsive forces
inside the particle become larger than the surface tension holding the particle intact. In
this case the charge number limit is called the Rayleigh limit which is affiliated with
much lower charge levels compared to solid particles. (Hinds, 1999)

2.2.4 Particle conductivity

The electrical properties of the particles are also affected by the conductivity of the
particle material. This is a physical property more familiar with bulk materials, but the
concept can be extended to aerosol particles. In principle, the particles can be categorize
into two types based on conductivity, which are conductive and dielectric.



The conductivity of the particle affects on the charge distribution inside the particle. If
the particle is of conductive material, the electric charge on the particle is evenly
distributed througout the particle. If the particle is dielectric, the particle charge is on a
fixed position where the charged ion has collided with the particle. The size of an ion is
approximately 0.1 nm, which is for example about three orders of magnitude smaller
than the average soot particle.

Particle charge behavior during surface deposition is also determined by conductivity.
When a conductive particle attaches on a conductive surface it donates its electric
charge to the surface, as discussed in the previous section. The charges move so that the
charge distribution of the combined particle-surface-system is relatively constant. If the
surface is externally set to a certain electrical potential, the particle also settles to the
same potential and the same charge density which is on the surface.
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3. PMTrac®: NEW METHOD FOR SOOT
MONITORING

Due to the negative health effects of soot the particle emissions of combustion should
be minimized. A major soot emission source is traffic which is highly regulated
concerning all of the emissions. To meet the particle emission regulations diesel engines
are fitted with diesel particulate filters. However, the accumulating soot and time-
related wearing affect on the collection efficiency of the filter. As emission regulations
tighten constantly, more and more performance is required from these filters. Sensors
are needed to ensure that the filter is functioning properly and the emission regulations
are met.

In priciple, there are two different methods to monitor the diesel particulate filter. The
first one is to evaluate the amount of soot accumulated inside the filter. While this gives
a good estimate of the state of the filter, it doesn’t offer any direct information on the
soot concentrations. The other method is to measure the soot concentration directly
from the exhaust. These sensors use the different particle properties described in the
previous chapter. Usually the electrical mobility resulting from electrical charge of the
soot is a property of interest when observing the particles.

3.1 Particle emission monitoring

There are different technologies that are used to detect particle concentrations. One
common type of sensor is called a resistive sensor. This type of sensor usually consists
of two comb-like electrodes that are mounted close to each other on an insulating
platform (e.g. Malik et al., 2011). The soot accumulating on the sensor creates dendrite
structures between the electrodes and changes the resistivity of the electrodes. This
gives information of the level of accumulated soot inside the filter. Unlike the
electrostatic sensor, the resistive sensor doesn’t give any information of the incoming
soot concentration in real time.

The condition of the particle filter can also be monitored by measuring the pressure
difference over the filter (e.g. Ohyama et al., 2008). This is done using a piezo-resistive
sensor element which can be used to determine the level of load to the filter. A
differential pressure sensor isn’t a particle sensor in a traditional sense, since it doesn’t
give any direct information on the outcoming emissions. However it can be used to
observe particle filter malfunctioning and the accumulated mass inside the filter.



11

Another method to evaluate the condition of the filter is using electromagnetic waves.
This system consists of a particle filter integrated with an RF-transmitter and a receiver.
The accumulated soot in the filter affects the propagating signal, and using this
information the amount of soot inside the filter can be estimated. After further
calculations an estimate of the spatial soot distribution inside the sensor can be
obtained. These types of sensors have been developed in the radiowave frequencies (e.g.
Sappok et al., 2016; Dietrich et al., 2015).

The particle concentration can be measured directly with an electrostatic sensor. Here
the emissions are directed into the sensor and soot is deposited on the electrode inside
the sensor. This accumulating particle mass creates a current on the electrode, which
can be measured with an electrometer. The current reading can be calibrated to match a
certain concentration, and thus it can be observed if the particle concentration is
excessively high. The PMTrac® sensor (EmiSense Technologies LLC; Steppan et al.,
2011) is an example of an electrostatic sensor and this will be discussed next in further
detail. There are also other methods to measure the particle concentration electrically,
for example measuring the current exiting the charger as is done in PPS-M (Pegasor Oy
(Ltd); Ntziachristos et al., 2011)

3.2 PMTrac®

This electrostatic sensor measures electrically the concentration of the emission
particles directly from the exhaust of a vehicle. The sensor is mounted to the exhaust
line so that the measured exhaust flows by the sensor head at high velocity. The sensor

Figure 3.1 An illustration of the PMTrac® sensor (Bilby et al., 2016)
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head is shaped so that the pressure difference caused by the flow forces a small part of
the flow to flow through the sensor. This sample flow is directed between two
electrodes, which are at different electric potentials causing a high electric field to the
sample volume. The charged soot particles in the sample flow are collected to the
electrode surfaces and an electric current is measured from the electrodes. A cross-
section of the sensor can be seen in figure 3.1.

The concentrations of soot are usually relatively high. Over time the soot accumulates
inside the sensor and may lead to an operation failure especially in such a compact
sensor design as the one described above. This may be caused by the soot disturbing the
current measurement or the flow profile inside the sensor as soot accumulates on the
electrodes.

However, the accumulation of soot seems to have an overall positive effect on the
sensor operation. The sensor has been found to produce a current in the range of
nanoamps, instead of picoamps predicted from the original charge state of soot (Bilby et
al., 2016). The sensor operation includes a quiescent time in the beginning of a
measurement with a clean sensor, which indicates that the soot accumulation on the
electrodes plays a significant role in the operation principle of the sensor. After a certain
time the signal reaches a steady-state value, which is probably due to a dynamic
equilibrium of accumulating soot and soot exiting the sensor.

3.3 Electrically stimulated agglomeration

As many electrical aerosol measurement instruments, the sensor described above
collects soot particles using an electric field. Thus it is obvious that the particulate
matter accumulates inside the sensor. However, the electric field significantly affects
the formation in which these soot particles arrange. In this section the mechanics of this
particle arrangement process is investigated in further detail.

The sensor primarily consists of a positive high voltage electrode and a grounded
electrode, and the flow is directed between these two electrodes. As the primary soot
particles are bipolarly charged they accumulate on the electrodes somewhat
symmetrically. For simplicity, let’s observe a negative soot particle inside the sensor.
The particle is directed on the positive electrode due to the electric field. A small current
is observed on the current meter as the charged particle attaches on the electrode.
Because of the conductivity of soot, the particle releases its charge immediately and is
highly charged to the same potential as the rest of the electrode (Riehle & Wadenpohl,
1996).

At first, the particles attach on the electrode more or less randomly. As more and more
particles accumulate, the new incoming particles tend to build up on the existing
particles. This is due to the fact that an existing particle cluster amplifies the electric
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Figure 3.2 Conductive dendrite structures on the electrode cause a local disturbance
in the electric field. Figure is not to scale.

field in the proximity of this cluster as it has a high positive charge. The phenomenon is
demonstrated in figure 3.2. The field amplification has been tested using carbon
nanotubes (Lu et al., 2007). This leads to really long and almost tree-like dendrite
structures being generated on the electrode surface. This type of particle arranging is
called electrically stimulated agglomeration which is typical for particles of low
resistivity (Riehle & Wadenpohl, 1996).

The dendrite structures can grow really long and they have a very high charge. The
length can be as long as 100 pm (Onischuk et al., 2003). Closer to the tip of the dendrite
the adhesive van der Waals forces keeping the structure together are relatively weak,
and the repulsive electrostatic force between the highly charged tip and the electrode is
strong. At some critical length the repulsive electrostatic force exceeds the adhesive
force which leads to a fragment of the dendrite to break off from the structure and return
to the aerosol flow (Bilby et al., 2016). The detachment process is demonstrated in
figure 3.3. The same agglomerate detachment phenomenon has also been studied using
TiOz-particles (Dalmaschio et al., 2012). The break-off always occurs in the interface of
two primary soot particles as primary soot particles are very stable (Rothenbacher et al.,
2008). In this work these fragments are referred to as charge carrier agglomerates
(CCA) and they are the main target of interest.

As these CCA-particles start to detach from the dendrites the system builds up towards
a dynamic equilibrium in a certain concentration. As more and more detachment occurs
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Figure 3.3 Soot particles attach to the electrode and break off after a certain critical
length. Figure is not to scale.

the electric charge detaching rate also increases. After a certain time an equilibrium is
reached and the amount of incoming soot from the particle emissions equals the
outgoing soot due to the detaching CCA-particles. With a constant incoming soot
concentration this would lead to a somewhat constant current on the collection electrode
plate. However, if the incoming soot is increased the amount of detatching CCA-
particles increases as well. A new equilibrium state is achieved and also the measured
current due to CCA-particles increases. Respectively, if the incoming soot concentration
is decreased the CCA-particle count and the measured current decreases. If the response
of the measured current is well known with respect to the incoming soot concentration
this enables to use that measured current to determine the soot concentration in different
applications. (Bilby et al., 2016)

One effect that may enhance the current amplifications is multiple bounces of the CCA-
particles. As the particles detach from the dendrites and impact on the opposite
electrode they transfer their charge on that electrode. This may cause the CCA-particle
to bounce from that electrode and return to the original electrode again obtaining a high
charge number. The newly charged particle then returns to the opposite electrode and
transfers its charge. This event may occur multiple times between the electrodes. When
observing the charge of CCA-particles these multiple bounces interfere with the current
measurements.
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The CCA-particles are thought to induce the large current observed in the sensor. They
carry a large charge as the dendrite they detach from is electrically a part of the high
voltage electrode. It is presumed that these particles are significantly larger than primary
soot particles but still have a similar fractal structure. The key factor in this
phenomenon is the conductive nature of soot, so a better understanding could possibly
benefit the measurement of other conductive particles. In the scope of this work the
main interest is in the size, shape and charge of these CCA-particles.
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4. DEVELOPMENT OF A SENSOR MIMIC CELL

The further investigation of the CCA-particles directly from the sensor would be
extremely difficult. The large micron-sized particles deposit onto surfaces very easily
and the large charge may also cause problems with traditional instruments. To better
examine these large agglomerates a cell mimicking the electrode structure of the sensor
was designed and built. The properties of most interest are the charge number and the
diameter for the CCA-particles. Also microscopic image of these particles is essential in
order to evaluate the composition and the shape of the agglomerates.

4.1 Concept of the mimic cell

The basic idea of the mimic cell is to obtain a similar structure compared to the sensor
with a possibility of collecting samples. The electrode structure is similar to the sensor
and the potentials and especially the electric field is set as close to the values used in the
sensor. The flow velocity is set to a similar value as the sensor, though the larger
dimensions of the cell will increase the volumetric flow rate. A collection plate is added
in the cell to collect samples of the CCA-particles. The soot concentrations and the
collection times are kept relatively small to minimize the case of multiple bounces
described in the end of the previous section. Small concentrations also minimize the
formation of dendrite structures onto the sample collection plate.

4.2 Methodology

The measurements in this thesis work were done at the in the Aerosol Physics
Laboratory at Tampere University of Technology. The measurement instruments used
and the soot generation system are introduced in the this section. Finally the constructed
measurement setup is introduced.

Soot generation

Soot particle generation was done with a diesel-powered fuel heater (Webasto Air Top
2000 ST) shown in figure 4.1. With adjusting the stoichiometry of the heater's
combustion process the soot concentration and the size distribution could be controlled.
This is done by adjusting the fuel input and the air input to the combustion space. In a
wide range measurement set with flow rates varying from 37 to 49 Ipm, the particle size
distribution obtained a geometric mean diameter of 27-164 nm, a geometric standard



Figure 4.1 Diesel-powered fuel heater used to generate the soot used in the
measurements.

deviation of 1.78-2.5 and a total number concentration of 1.94x10°—4.52x10® #/cm”.
(Hogstrom et al., 2012)

After the soot generator a virtual impactor is mounted to exclude any coarse micron-
sized particles from the aerosol flow. The virtual impactor separates the particles using
their inertia in a similar fashion as a regular impactor. (Solomon et al., 1983) First the
aerosol is accelerated in the acceleration nozzle, after which 90 % of the original flow is
sucked perpendicular to the original flow direction. The remaining 10 % continues
through the impactor. Particles with a large mobility go through with the minor flow.
Smaller particles on the other hand continue with the larger volumetric flow. This isn’t
actually a part of the soot generation system but for considering this work it was
important to exclude the possibly re-entered coarse particles from the soot aerosol.

ELPI

The electrical low pressure impactor (ELPI) is a real-time measurement device of
aerodynamic size distribution. ELPI combines a cascade impactor and an electrical
measurement. First the particles are charged with a unipolar corona charger, where a
high voltage corona wire creates ions. The charging method is mainly diffusion
charging. After this the aerosol is directed through a cascade impactor, where there are
12 consecutive electrically measured impactor stages. The cut-off diameters are
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between 30 nm—10 pum, and current is measured from every stage with an electrometer.
In addition a vacuum pump is needed to create the low-pressure conditions and a
measurement computer with the ELPI measurement software. (Keskinen et al., 1992)

SMPS

The particles can also be classified according to their electrical mobility. This property
is applied with scanning mobility particle sizer (SMPS; Wang & Flagan, 1990). It
practically consists of two different measurement instruments. First, a differential
mobility analyzer (DMA; Knutson & Whitby, 1975) is used to select a specific particle
mobility, and a condensation particle counter (CPC; Agarwal & Sem, 1982) is used to
count the particles of that specific electrical mobility. When the DMA voltage is
scanned through a certain area of electrical mobility, a mobility size distribution is
obtained for the measured aerosol. Combining this information with an aerodynamic
size distribution obtained with an ELPI, an estimate for the effective density of the
particles can be calculated (Ristimiki et al., 2002). To improve the accuracy of the
SMPS measurement, the DMA voltage can be increased incrementally and wait for the
concentration to settle on each step. This instrument is called the differential mobility
particle sizer (DMPS; Keady, et al., 1983).

Setup

The measurements were performed with a measurement setup as in figure 4.2. The soot
particles are generated with the diesel-powered fuel heater, and this aerosol is
transported into an air conditioning pipe and diluted with filtered compressed air. Next,
the aerosol flows through a virtual impactor, which removes aerosol particles having a
mobility diameter of more than 3 um. After that the aerosol is passed through a corona
charger, where the particles receive a negative unipolar charge. Then the charged
particles go to the mimic cell in which particles are collected, depending on the
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Figure 4.2 Measurement setup for the CCA-particle formation measurements.
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measurement, either on the positively charged collection electrode or the measurement
electrode. To assure a constant volumetric flow of 8 lpm inside the cell, suction is
provided with an ejector. This volumetric flow corresponds to a velocity of under 1 m/s,
which corresponds to the flow velocity inside the PMTrac®-sensor. At the same time
the particle size distribution in the cell is monitored with an ELPI.

Microscope analysis

In electron microscopy an electron beam is directed on the sample. The electron source
is usually a heated tungsten wire or single crystal tungsten, from which electrons are
detached with a strong electric field. The released electrons are guided through several
lenses to form a sharp beam which is directed onto the sample surface. The beam
electrons scatter from the sample surface and simultaneously detach electrons or x-ray
photons from the surface. (Kulkarni et al., 2011)

In this work a scanning electron microscope (SEM) was used to observe the generated
charge carrier agglomerates. In this microscope the high energy electron beam is
scanned across the micrographed sample area. A detector above the sample observes the
detached secondary electrons. With SEM-microscopy up to 100,000-fold
magnifications can be achieved, and the micrographs also deliver information about the
morphology and topography of the sample. A SEM-sample has to be of conductive
material, so that no electric charge is accumulated during the observation. (Kulkarni et
al., 2011)

Microscopes in general offer good information on the size and shape of the particle.
Most microscopes only offer two-dimensional images of the particles, so the shape of
the particles is not perfeclty represented on the micrographs. There is no information of
the particle shape in the third dimension, and the particles are not always regularly
shaped, for example spheres. This particular problem can be seen in the case of soot
particles, which are very irregular agglomerates. Although the microscope gives
information on the particle shape, it is still difficult to present an unambigous particle
diameter from micrographs.

There are two different diameters obtained from microscopic images which are used in
the calculations of this work. The first diameter used is the Feret diameter. This is
defined as a distance between two parallel tangential lines for a particle. It is sometimes
called the caliper diameter, referring to measuring instrument. In this work, only the
maximum Feret diameters are investigated, so therefore they are shortly referred to as
Feret diameters. The other diameter used in this work is the projection equivalent
diameter. This is defined as the diameter of a sphere that has the same projectional area
as the observed particle.
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4.3 Verification of the mimic cell concept

The operation of the mimic cell was designed to resemble the basic operation of the
sensor. This can be summarized into two main components: significant amplification of
the electric current and adequate collection of soot particles. Also concerning the
hypothesis for the operation principle of the sensor it would be favorable to somehow
detect the presence of CCA-particles and to observe their properties. The electrode
structure in the mimic cell was designed to be easily adjustable and this property was
utilized in these test measurements.

First, the current amplification phenomenon was observed in a measurement as a
function of time during constant loading. In the beginning of a measurement the
objective was to observe a small current which would increase approximately three
orders of magnitude after a certain quiescent time. Next, the collection efficiency of the
cell was defined in another measurement by alternating the polarity of the high voltage
eletrode. After that a potential ramp measurement was executed to induce the
detachment of CCA-particles from the dendrite structures.

4.3.1 Current enhancement

First the current amplification inside the cell was observed. The cell system used in this
measurement can be seen in figure 4.3. A time-independent potential was set on the
collection electrode of the cell, and also the electric field inside the cell remained
constant over time. The electric field between the collection electrode and the
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Figure 4.3 Visualization of the test cell in electrometer measurements.
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measurement electrode was set to 500 V/mm. From the electrically floating
measurement electrode the electric current was continuously measured with an
electrometer. When the particles were introduced into the cell a small current could be
detected in the measurement electrode. Over time the current increased presumably due
to detaching CCA-particles from the collection electrode and thus amplifying the
electric current. The ingoing particle population was also measured with ELPI, and with
the received total current a current enhancement factor EF can be defined

EF = Imeaﬂ, (4.1)

I incoming

where Ineasured 18 the current measured with the electrometer and Iy coming 18 the current
that comes into the mimic cell. This is calculated using the ELPI total current. When the
volumetric flow rates through the cell and ELPI and the dilution ratio for ELPI is
known, the incoming current can be calculated using equation

_ DRELPI chll

Iincoming -

IgLpr, (4.2)
QkLpi ELPI

where Igpp; is the total current measured by ELPI, Q. and Qg p; are the volumetric
flow rates through the devices and DRy p; is the dilution ratio before ELPIL

Electrometer current and the incoming current obtained from the current amplification
measurement can be seen in figure 4.4. The blue solid line represents the current
measured from the mimic cell electrode and the red dashed line represents the
calculated incoming current using equation 4.2. The current takes a considerable
amount of time to increase but a current enhancement effect can be observed. This
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Figure 4.4 Electrometer current in a measurement as a function of time during
continuous constant loading.
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supports the hypothesis that soot dendrites are formed and large fragments detach inside
the cell. The observed phenomenon corresponds fairly well with the signal development
detected inside the sensor.

For this mimic cell geometry and collection field value a current enhancement factor
can be calculated. Using equation 4.1 an enhancement factor of about EF = 15 is
obtained. This value is much lower than what is observed in the sensor (EF = 1,000).
This may partly be due to the smaller collection field used in the mimic cell to prevent
electric discharges. Also the larger dimensions may prolong the time to reach an
sufficient amount of soot on the electrodes. This could cause the enhancement factor to
increase in a much slower rate. However, it is found that the signal is significantly
amplified and for this part the mimic operation resembles the sensor operation.

4.3.2 Particle collection efficiency

Next the functionality of the cell is tested with a small electric field. In this case, the
current amplification should not be noticeable, and the cell should work as a
electrostatic precipitator. The electric field between the collection electrode and the
measurement electrode was set to 150 V/mm. The voltage source used was a bipolar
voltage source, so the polarity of the collection electrode potential could be changed.
The cell arrangement used in this measurement can be seen in figure 4.5. At first the
collection electrode was set to a positive potential. Since the particles are negatively
charged before the cell, all particles cling to the collection electrode and no current
should be detected in the measurement electrode. After this, the polarity of the potential
in the collection electrode is changed and the incoming soot particles cling to the
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Figure 4.5 Visualization of the test cell in the collection efficiency measurements.
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Figure 4.6 Electrometer current and incoming current using a low collection field.

measurement electrode inducing a signal on the electrometer. However, the electric
field is so small that the amount of detachment from the dendrite structures on the
collection electrode is relatively low which minimizes the formation of CCA-particles.
Incoming particle distribution is constantly measured with ELPI as in the previous
measurement. From the measured current and the ELPI total current a collection
efficiency of n.¢ can be calculated for the cell using equation

I
Neft = Imeasured ' (43)

incoming
which is very similar to the equation used for the enhancement factor earlier.

Results received from the low electric field bipolar measurement are shown in figure
4.6. With a positive collection electrode potential the signal always returns rapidly to
zero, which is quite intuitive in the case of negative particles. When the collection
efficiency is calculated using equation 4.3 and an arithmetical average is calculated over
all three measurement periods, a collection efficiency of 28 % is received. This is quite
low, but it can be assumed that with a higher collection field the collection efficiency
should increase. However, in this measurement it had to be ensured that the formation
of CCA-particles stayed minimal so the potential was kept low.

4.3.3 CCA-particle detection

After the operation of the mimic cell was verified to resemble the sensor operation, the
next objective was to find the CCA-particles. The presence of these particles is the main
element of the operation principle hypothesis so the first task was to create a
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measurement that would verify this. This was done using a time-dependent linear
potential ramp on the collection electrode after an adequate soot loading on this

electrode.

The electric field required to detach the CCA-particles was defined using a linear
potential ramp. When the collection electrode potential is changed linearly, it provides a
constant current on the measurement electrode. This is caused by the increasing total
charge on the collection electrode. These two electrodes have the same structure as a
loading capacitor, which can be seen in figure 4.7 on the left. As the voltage is increased
the charge decreases, which can be seen in equation
Q

C = v (4.4)
The charge collecting on the collection electrode induces an equal, opposite-signed
charge on the measurement electrode, and thus an electric current is observed.
(Mansfield & O'Sullivan, 1998)

The change in the capacitor voltage can be derived from equation 4.4, and we receive

the following equation:
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Figure 4.7 Induced current while loading a plate capacitor. When a high potential
is connected on the collection electrode, it collects a positive charge. An
electrostatic force induces an opposite charge on the lower electrode, which
creates also a current on the lower electrode (left). If the potential is altered in a
linear fashion a constant current is generated (right).
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We can see that when the voltage increase rate is kept constant, the induced current in
the capacitor is also constant. This constant current value is referred to as capacitive
constant current, and a demonstration of this can be seen in figure 4.7 on the right. The
capacitance of the capacitor is constant for it is dependent only on the geometry of the
capacitor (Manstfield & O'Sullivan, 1998). If the measured current is greater than the
capacitive constant current the additional current is presumed to be caused by the
detaching CCA-particles due to the increasing electric field. This additional current is
referred to as agglomerate current.

This phenomenon is used in the potential ramp measurements. The mimic cell
configuration used in these measurements is similar to the earlier test measurements in
figure 4.3. Before the actual measurements particles were collected to the collection
electrode with a constant electric field of 150 V/mm for about one hour. This field value
was chosen to minimize the current during the particle collection and to minimize the
potential risk of CCA-particle detachment. After the collection the flow inside the cell
was shut down and the potential ramp was executed. One ramp upwards lasted 90
seconds and during that time the electric field between the collection electrode and the
measurement electrode was increased at a constant rate from 0 V/mm to 500 V/mm.
The downwards ramp lasted also 90 seconds changing the field linearly from 500 V/mm
to 0 V/mm. At the same time the induced electric current was continuously measured
from the measurement electrode. As the electrometer current deviates from the constant
current value it can be concluded that CCA-particles are coming off of the collection
electrode and hitting the measurement electrode.
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Figure 4.8 Agglomerate current versus the electric field in a potential ramp
measurement.
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The results received from the potential ramp measurements are shown in figure 4.8. The
blue line is the agglomerate field described above and the red dashed line is the electric
field inside the cell. The figure shows that after the field value exceeds 150 V/mm the
agglomerate current increases significantly, and it can be assumed that this increase is
due to CCA-particles detaching from the collection electrode. This field value is
approximately the same as the collection field in this measurement, and after further
measurements it was seen that the agglomerate current increases as the potential in the
ramp reaches the collection field value. In the collection phase the field value may
affect the structure and morphology of the dendrites and also the dendrite density on the
electrode surface. However, this remains an open question and is not investigated
further in this work.

The investigated phenomenon can’t be characterized properly using the two-electrode
system. The constructed measurement system is quite cumbersome as the collection
times are very long and for this reason the amount of accumulated soot is very difficult
to evaluate. There was some current detected during the collection period which may
cause some unwanted additional particles onto the measurement electrode. The potential
ramp seems to have some problematic issues. When the ramp changes direction at
500 V/mm it causes a significantly large disturbance to the electrometer distorting the
current measurement. To evolve the CCA-particle collection and the current
measurement a three-electrode system was developed which will be introduced next in
further detail.

4.4 Three-electrode mimic cell

The three-electrode system is the next version with the objective to observe the CCA-
particles. The mimic cell was modified further to improve the current measurement. The
cell was fitted with a perforated grid electrode between the two electrodes as in figure
4.9. The grid was set to a relatively low potential (100 V) compared to the primary
collection electrode. Therefore above the grid there is a large electric field to induce the
dendrite formation, and below the grid the electric field is significantly lower. This was
to ensure that no dendrite formation occurs on the measurement electrode. Also a large
section of the grid around the sample area was covered with aluminium foil to reduce
turbulent flows between the grid and the measurement electrode.

The new cell configuration was mounted with separate removable SEM-sample holder.
This offered the ability to take multiple samples quickly. A hole was drilled on the
existing measurement electrode to make room for the sample platform. The current
measurement was divided into two sections: the other current was measured from the
SEM-sample area and the other current was measured from the rest of the electrode
plate. This was to improve the accuracy of the accumulated charge on the sample. The
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Figure 4.9 Visualization of the test cell using the three-electrode system

electrical isolation was done by attaching a thin layer of DuPont™ Kapton® polyimide
film around the hole on the bottom of the measurement electrode.

The three-electrode system was developed to enhance the CCA-particle examination
even further. The results from an example measurement are shown in figure 4.10. After
introducing the aerosol into the mimic cell (small peak on the left), the current starts to
increase, which could imply that the dendrite structures are forming and CCA-particles
are detaching more and more. After approximately 150 seconds the current saturates to
a certain value. This represents the dynamic equilibrium of accumulating soot on
dendrites and detaching CCA-particles from dendrites. This leads to a constant CCA-
particle accumulation rate on the measurement electrode causing a constant current.

Using the data in figure 4.10 an estimate of the efficiency of grid penetration is
calculated. During the equilibrium phase the incoming current is approximately 75 pA.
This value is multiplied with the enhancement factor calculated in Section 4 and the
ratio of the SEM-stub area and the total grid electrode area to obtain a theoretical
maximum current on the grid above the SEM-stub:

Asem
Lax = Iincoming EF- A— (4.6)
electrode
The diameter of the SEM-stub is 10 mm and the grid electrode area is approximately
90 mm x 10 mm. Using the EF value of 15 calculated in Section 4 a maximum current
value of 98 pA is obtained. The average current measured on the SEM-stub in figure

4.10 is roughly 30 pA. Dividing this value with the theoretical maximum current the
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Figure 4.10 Current measurement in a three-electrode test. The electric field values
were set to E1 =500 V/mm and E;= 29 V/mm as used in figure 4.9. The y-axis for
incoming current is on the right and for other currents the left y-axis is applicable.

grid penetration efficiency is approximately 30 %. This value is further compared to the
amount of holes in the grid. The ratio of holes to plate on the grid is approximately
50 % which makes the grid penetration efficiency extremely good. The obtained
penetration efficiency may be overestimated because the enhancement factor might be
even larger. This would result into a much smaller grid penetration. However, the
amount of penetrating CCA-particles is fairly significant and the measurement system is
likely to produce reasonably representative samples.

SEM-sample collection platform

Simultaneously with the current measurement a SEM-sample is collected on an SEM
pin stub with a sample plate attached on it. This allows a relatively fast and easy method
to gather samples at various collection conditions. As carbon is a conductive material, it
is easy to take the samples directly from the measurement to SEM-analysis.

The sampling platform also has to be conductive and with a low surface roughness. The
sample material was selected after analyzing several possible alternatives with SEM.
The alternatives were p-type silicon substrate, polished steel, double-sided conductive
carbon tape and TEM-grid used in transmission electron microscopes. After testing
these materials it was found that the silicon substrate was the most convenient,
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affordable and practical for these measurements and provided the good quality for the
SEM-images.

The conductivity of the silicon was evaluated to ensure that it doesn’t distort the electric
field and interfere with the measurement. The resistivity of this silicon was estimated at
1020 Qcm. The thickness of the substrate used is approximately 350 um and the
surface area of the pieces is approximately 7 mm - 7 mm = 49 mm?, so the maximum
resistance would be (Mansfield & O’Sullivan, 1998)

[ 0.350 mm

The electric currents in these measurements were of the order of 10 pA which would
induce a voltage over the silicon substrate of

U=RI=140-10pA = 14pV. (4.8)

Compared to the grid potential of 100 V, this value is low enough by a large margin.
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5. ANALYSIS OF CCA-PARTICLES

The three-electrode mimic cell configuration described above was used to observe the
size and charge of the CCA-particles. These properties were defined combining two
different components: the size distributions were calculated from SEM-images and the
charge was calculated by combining that data with the current measurement. The
measurement setup was the same as the one used in the test measurements (figure 4.2).
ELPI was used to define the size distribution of the primary soot aerosol and the
induced total current. The current induced by the CCA-particles inside the mimic cell
was measured with an electrometer.

Before each measurement the mimic cell was opened and cleaned using a cloth and
isopropanol to remove the excess soot from the cell. After that a small piece of double-
sided conductive carbon tape was attached on the SEM pin stub also cleaned with a
cloth and isopropanol. On top of this a small clean piece of silicon substrate was
attached. After this the platform containing the SEM pin stub was screwed to the mimic
cell and the electrometer cables and high voltage cable were connected on the mimic
cell. The electrometers were left to be leveled for several minutes and then the
electrometer zero level was measured.

Next the valves on both sides of the mimic cell were opened and the soot from the
stabilized soot generator was directed through the mimic cell. The collection itself was
done for a short period of time and the total accumulated charge was monitored to
estimate the amount of accumulated material on the SEM pin stub. After a sufficient
particle collection the flow through the cell was stopped with the valves. Finally the
SEM pin stub was removed from the mimic cell and placed to a clean location to wait
for SEM-analysis.

Before starting the measurements it had to be verified that the generated soot resembles
vehicle particulate emissions. This was done by conducting a similar measurement
containing SEM-sample collection and current measurement. In addition, a mobility
size distribution of the primary soot was measured using SMPS before the mimic cell.
Combining this with the aerodynamic size distribution obtained from the ELPI an
estimate for the effective density could be calculated. These values were compared with
results from earlier publications.
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5.1 Data analysis

Combining the current measurement and the SEM-images to obtain the desired particle
properties required some calculations. The total charge from the time integral of the
measured current was quite straight-forward but to obtain the size distributions from
SEM-images was more complex. To minimize the variance between images the same
magnifications were used for all measurements. For the CCA-particles a 500x
magnification was used, and for the primary soot particles a 25,000x was used.

5.1.1 Current measurement

The current due to the accumulating particles is measured from the measurement
electrode below the grid electrode. Using the current measured from the SEM-sample
stub, a numerical time integral is calculated to get the total accumulated charge onto the
sample stub. The start and end point of the integral are defined directly from the
moment the flow through the mimic cell was opened and closed, respectively.

5.1.2 SEM-sampling and -analysis

The sample was collected on the p-type silicon substrate that was attached on the SEM
pin with double-sided conductive carbon tape. Multiple samples were taken with

Figure 5.1 An example of the image analysis procedure using ImageJ-software.
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different collection circumstances and they were analyzed with the SEM. The
magnifications on the SEM-images were kept constant in all measurements to simplify
the comparison between images from different measurements.

The obtained SEM-images were analyzed with the ImageJ-program (public domain,
available at: http://imagej.nih.gov/ij). A certain analysis routine was done to minimize

the error due to the variance in the image processing. The image analysis procedure is
portrayed in figure 5.1. The original SEM-image is seen in the top left. First the image
was enhanced using two processing tools in the program: sharpen and find edges. This
way the edges of the particles are clearer and the diameters more accurate. Then a scale
of um/pixel is set to enable the program to determine true distances from the image.
After this the scale is cropped from the picture to not interfere with the particle
detection.

The enhanced image can be seen on the top right. For this image a threshold value for
the particles is set, and the particles determined with this threshold are colored red
(bottom left). This is the only step to include some visual estimation, since the threshold
is selected so that all the particles seem to be covered. There might be some artefacts,
and it may cause some error in the particle diameter values. After that the program is set
to find the particles (bottom right) and define a projectional area and a Feret diameter
for all of the particles. Two separate images are analyzed from every measurement and
the data from these two images are combined.

5.1.3 Calculations

The main properties of interest on the CCA-particles were the charge number and the
diameter. The particle diameter was obtained using the distributions from the analyzed
SEM-images and by combining the distribution with the current measurement an
average charge number was calculated. The size distributions were calculated using the
projection equivalent diameter and the Feret diameter to estimate the fractal structure of
the particles.

Since the particle size distributions are lognormal, the basic statistical key figures can be
used to evaluate the distribution. The distributions were plotted using the particle
diameter d, on the x-axis and dN /d log d,, on the y-axis where dN is the particle count
in a certain diameter range and dlogd, is the difference of the logarithms of the
endpoints in that diameter range. The statistical figure calculated to represent the
distribution was the count median diameter (CMD).

The average charge number was calculated using the particle projection area. The total
eletrical charge accumulated on the collection electrode is denoted as q:
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Qrot = f bCI(t)dt (5.1)

a

This total charge is assumed to be evenly distributed on the electrode surface A, which
is the area of the SEM-sample stub. The charge on one SEM-image is then calculated as

Ag
Gframe = Arame Gtov (52)
tot

where Afame 1S the area of one SEM-image. The calculations were done by combining
two separate SEM-images so the charge on one frame is multiplied by two. Dividing
this value with total particle count on both SEM-images N,,; and with the natural charge
e, we obtain an average charge number for the collected particles:

_ 2qframe
Y8 Nigre

(5.3)

The size distributions were calculated from the information obtained using the Imagel-
software. The software calculates the Feret diameters for every particle directly but the
projection equivalent diameter was calculated from the projection area provided by the
software. This is done by calculating the diameter of a sphere that has the same 2D
projection area as the measured particle.

The final results consist of the representative values for Feret diameter and projection
equivalent diameter and also total particle count and average charge number for each
measurement case. Every case contains two micrograph frames. The data of both
images is combined and the median values for the Feret and projection equivalent
diameter are selected as the representative values. The average charge number is
calculated as described above using the total particle count. Finally, arithmetic mean
values for all variables are calculated from all the measurement cases. Standard
deviation values are also calculated to estimate the spread of the results in all of the
cases (Pham, 2006).

5.2 Properties of generated soot

Before the CCA-particle measurements the primary soot from the soot generation
system was examined. This was done to verify that the produced particles were similar
to vehicle emission particles. An SMPS and ELPI distribution from the primary soot
can be seen in figure 5.2. An approximation for the effective density was also calculated
from this data. The density value was p = 0.48, which is quite close to values calculated
in earlier research (e.g. Olfert et al., 2007). For this part, the generated soot particles
seem representative for this purpose.
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Figure 5.2 ELPI current distribution (solid) and SMPS distribution (dashed) of
primary soot produced by the soot generation system.

For comparison, SEM-samples were also collected from the primary soot. The
collection was executed with the three-electrode system in figure 4.9 with a few
modifications. The perforated grid electrode was removed and the electric field was
inverted so that the incoming soot particles accumulate directly on the measurement
electrode. To prevent dendrite formation and detachment of CCA-particles a very low
collection field (70 V/mm) and a short collection time were used.

An example micrograph can be seen in figure 5.3. Using this figure a size distribution
can be calculated using ImagelJ-software. From every micrograph two different size
distributions are calculated. The other one is done using the Feret diameter and other
one is the projection equivalent diameter. In addition, using the average projection area
and the total electric charge accumulated on the electrode an average charge number for
the particles is calculated.

The SEM-analysis provides an average Feret diameter of 92 nm and projection
equivalent diameter of 69 nm. These values correspond quite well with values from the
SMPS and ELPI measurements. The average charge number value is calculated to be
12, which seems rather high. Marjamdki et al. (2002) have calculated the penetration
times average charge (Pn) for the ELPI corona charger used in this work to charge the
primary soot. For a particle diameter of 80 nm the Pn number is approximately 3. The
higher charge number received in these measurements may result from the accuracy of
the measurement method on low electric charges. In spite of the low collection field the
soot accumulation rate was very high and the collection times were very short (~20
seconds in figure 5.3). This makes it quite hard to estimate the level of soot
accumulation and the soot particles are likely to overlap causing a seemingly larger
charge per particle.
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Figure 5.3 An example of the size distribution calculation done on one SEM-image in
primary soot collection. Top left: SEM-micrograph from primary soot particles. Top
right: current measurement from the particle collection period. Bottom left: Feret
diameter number distribution. Bottom right: Projection equivalent number
distribution.

Excessive soot accumulation seems to cause issues in the measurement. In samples
where the total charge is larger the average charge number is increased significantly. In
these samples there were also larger particles present in the micrographs. This could
imply that there is dendrite formation present. As a sufficient amount of particles is
collected on the electrode, the other incoming particles attach to them. This is due to the
locally increased electric field in the proximity of the developing dendrite. It is possible
that after a certain value the particle count visible on a single micrograph begins to
saturate as the new incoming particles attach only on the existing dendrites and don’t
form new structures. The results all from the primary soot measurement cases can be
seen in table A.1 in the appendix section.

5.3 CCA-particle properties

The CCA-particles were collected using the three-electrode system as in figure 4.9. An
example micrograph can be seen in figure 5.4. The acquired SEM-images were
analyzed in a similar fashion as in the previous section. Two different number
distributions were calculated for each image using two particle diameters: the Feret
diameter and the projection equivalent diameter. Using the total particle projection area,
the average particle projection area and the accumulated electric charge we obtain an
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Figure 5.4 An example of the size distribution calculation done on one SEM-image in
CCA-particle collection. Top left: SEM-micrograph from CCA-particles. Top right:
current measurement from the particle collection period. Bottom left: Feret diameter
number distribution. Bottom right: Projection equivalent number distribution.

estimate for the average charge number for a single particle. The results from all of the
CCA-particle measurement cases can be seen in table A.2 in the appendix section.

The microscope images show that there is a distinct mode of large soot particles
approximately 10 pm in diameter. Larger magnifications also shows some smaller
particles in the range of 0.1-1 pm but not in significant amounts. The mode of large
particles is also consistent with the distribution measured with the aerodynamic particle
sizer (APS) at the electrostatic trap exit by Bilby et al. (2016). The microscope images
from all of the measurement cases listed in appendix A can be seen in appendix B. In
addition, the average accumulated charge per SEM-image determined from current
measurements is listed below the images in that appendix section.

The calculated results can be seen in table 5.1. The top section of the table includes the
average results for the primary soot analysis and the bottom section includes average
results from the CCA-particle analysis with the addition of filtering the results based on
particle count and collection field. The filtering was done to observe possible variation
in the results. The error limits are defined from the standard deviation of the different
measurement cases so it represents the statistical scattering of the measurements.
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Table 5.1 Acquired properties for primary soot particles and CCA-agglomerates.
(Error calculated as standard deviation of the results calculated from all cases.)

PRIMARY C Econ (V/ N# d, d

SOOT ases coll (V/mm) #) Feret (NIM) pE (NM) Havg

All tests 5 70 650 + 350 92 +8 69 +7 -12+11
CCA- C Econ (V/ N (# d d

PARTICLES ases cotl (V/mm) #) Feret (M) pE (NM) Havg

All tests 9 100-500 590 + 300 6.9+2.8 47+1.5 7200 + 2300
Tests N <600 6 200-500 420+ 150 6.6+3.2 44+1.8 7600 + 2100
Tests Econ=500 | 5 500 630 £ 380 6.6£2.0 45+14 6900 £ 1900

The large standard deviation values show that results calculated in this work are widely
dispersed. This is partly due to the stochastic nature of the formation of CCA-particles
(Bilby et al., 2016). It is also evident that smaller particle count seems to lead to smaller
particle sizes which may result from fewer overlapping particles in the images. To
reduce this bias in the results the total particle count per case is limited to 600 in the
following further analysis.

Figure 5.5 shows the acquired projection equivalent particle size (left) and the average
charge number (right) as the function of the collection field for measurement cases
where the particle number per measurement case was below 600. The graph on the left
shows no apparent relation between the collection field and particle size. On the other
hand, the graph on the right shows a decreasing linear trend in average charge number
with increasing collection field. The data is however quite scattered which can also be
seen from the relatively low R?-values, especially in the graph on the left.

The average CCA-particle diameters obtained from the cases in figure 5.5 were
dperer = 6.6 pm and dpg = 4.4 pm and the average charge number was n,,, = 7600.
The diameters are similar to the measurements done by Bilby et al. (2016) but the
number of elementary charges per particle are almost two orders of magnitude higher in
the results of this work. The collection fields used in measurements by Bilby et al.
(2016) were 750 V/mm and 1250 V/mm. Extrapolating the trendline to that field range
in the graph on the right of figure 5.5 the resulting charge numbers are approximately
0-4000. This coincides with the estimate of several tens or hundreds of charges done by
Bilby et al. (2016).
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Figure 5.5 Projection equivalent size as a function of collection field (left) and the
average charge number as a function of collection field (right). The data has been
limited to a maximum particle count of 600 particles per measurement case.

However, there is a lot of uncertainty in the results calculated in this work. An
significant problem noticed during the measurements is the repeatability of the results.
This consists of both the stochastic nature of the phenomenon itself and the random
error due to the measurement system used in this work. There were a lot of problems
during the measurements concerning soot generation, flow control and the electronics of
the mimic cell, for example electric discharges from the high voltage electrode. In spite
of solving most of the problems there may be some improvements that could still be
done to the measurement system.

The overlapping of particles in the SEM-images caused a significant bias in the results.
As multiple particles stack on the measurement electrode it is seen on the SEM-image
as a single particle which causes an increase on the average charge number in the
results. The primary soot concentration was relatively high in the measurements which
resulted into very short collection times and made it very difficult to avoid this
excessive soot accumulation on the measurement electrode. The problem was
emphasized on the primary soot analysis measurements.
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6. SUMMARY

A commercial soot sensor produces a much larger signal than expected from theoretical
predictions. A hypothesis to explain this very large current generated inside the sensor
is examined and tested. The electric field inside the sensor collects the incoming soot
particles from vehicle emissions, and these form dendrite structures on the high voltage
electrode in the sensor. These dendrites receive a very large electric charge after which
a part of the dendrite detaches and drifts on the measurement electrode.

To investigate this phenomenon an electrode cell mimicking the sensor electrode system
was designed and constructed. In addition to the two perpendicular electrodes also a
perforated grid was used between the electrodes to ensure that no dendrite formation
occurs on the measurement electrode. The objective was to detect the current
amplification and to investigate the properties of the detaching large agglomerate
particles.

Based on the tests carried out in this project the sensor mimicking cell functions as a
simplified sensor and amplifies the current signal. The collection efficiency of the
mimic cell is relatively low at low electric fields. Still, the mimic cell can collect a
sufficient amount of particulate matter for analysis. The observed delay time in current
enhancement is several minutes, which would suggest that dendrite structures are
formed gradually on the collecting electrode, and after a certain period of time the large
agglomerate particles start to detach causing a current signal growth.

Signs from these large CCA-particles have been obtained in this work. Observing the
acquired SEM-images, large approximately 5 pm soot agglomerates were found from
the measurement electrode, so it can be assumed that these particles are formed inside
the test cell, probably by detaching from the dendrite structures. An average charge
number of approximately 7200 was also determined with the SEM-images and current
measurements.

This phenomenon is also assumed to occur inside the commercial soot sensor. The
dendrite structures forming on the electrode surfaces are practically essential for the
operation of this sensor. This can also be confirmed from the mimic measurements,
where a similar delay time of current amplification can be observed compared to sensor
data. In order for the sensor to be immediately ready for use, the electrode should be
coated with a substance whose morphology resembles soot agglomerate particles.
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APPENDIX A: DIAMETERS AND AVERAGE CHARGE NUMBERS
OF PRIMARY SOOT AND CCA-PARTICLES

Table A.1 Particle diameters and average charge numbers for primary soot particles

Case
B1
B2
B3
C4
Cs5

Econ (V/mm)
70
70
70
70
70

N#

467
157
1221
681
736

dFeret (nm)

105
95
94
87
80

generated in the Webasto burner.

dre (nm)

80
71
71
62
62

Ravg

3.7
3.3
29.7
3.0
19.3

Table A.2 Particle diameters and average charge numbers for CCA-particles.

Case
13

15
A3
A4
AS
Cl1
C2
C3
D1

Econ (V/mm)
500
500
500
350
200
500
300
100
500

N #)

496
358
1007
596
374
1141
539
675
147

dreret (um)

5.7
3.1
8.0
6.2
4.2
9.0
13.3
5.6
7.0

dre (um)

3.8
2.2
54
4.5
3.4
6.0
7.8
4.2
5.1

Navg

8300
6100
10000
8800
8800
5500
6000
4000
4900
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APPENDIX B: MICROSCOPE IMAGES FROM THREE-
ELECTRODE MIMIC CELL MEASUREMENTS

PRIMARY SOOT PARTICLES

EHT = 3.00 kv Signal A = InLens m EHT = 3.00 kV
WD = 25mm WD = 25mm

Case Bl. Charge per frame: 0.14 fC

EHT = 3.00kV Signal A = InLens m EHT = 3.00 kv
WD = 24 mm H WD = 24mm

Case B2. Charge per frame: 0.042 fC

EHT = 3.00 kv
WD = 24mm

Case B3. Charge per frame: 2.9 fC
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Signal A = InLens L EHT = 3.00 kV

WD = 25mm WD = 25mm

Case C4. Charge per frame: 0.16 fC

EHT = 3.00 kv Signal A = InLens EHT = 3.00 kv

WD = 25mm WD = 25mm

Case C5. Charge per frame: 1.1 fC

CCA-PARTICLES

20 pm EHT = 3.00 kv Signal A = InLens 20 ym EHT = 3.00kV Signal A = InLens
WD = 2.6 mm WD = 26mm

Case 13. Charge per frame: 0.33 pC
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EHT = 3.00kV Signal A = InLens
WD = 28mm

EHT = 3.00 kv Signal A = InLens
WD = 24mm

Signal A = InLens n E KV Signal A = InLens

Case A4. Charge per frame: 0.42 pC
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30 pm EHT = 3.00 kv Signal A = InLens 20 ym
WD = 24 mm

Case A5. Charge per frame: 0.33 pC

20 um EHT = 3.00 kv Signal A = InLens 20 pm EHT = 3.00kV Signal A = InLens

WD = 25 mm WD = 25mm

Signal A = InLens 20 m Signal A = InLens
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Signal A = InLens

EHT = 3.00 kV Signal A = InLens 20 pm EHT = 3.00kV Signal A = InLens
WD = 3.4 mm WD = 3.1 mm

Case D1. Charge per frame: 0.058 pC




