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1. Abbreviations and symbols

Abbreviation
PM
ALI
RDD
CVS
HC
VOC

Sl

Cl

EGR
DPF
EEPS
SMPS
CPC
DMA
DR
WHTC
WLTC
Symbol

Pair

Meaning
Particulate matter
Air-liquid interface
Rotating disc diluter
Constant volume sample
Hydrocarbons
Volatile organic compounds
Spark ignition
Compression ignition
Exhaust gas recirculation
Diesel particulate filter
Engine exhaust particle sizer
Scanning mobility particle sizer
Condensation particle counter
Differential Mobility Analyzer
Dilution ratio
World Harmonized Transient Cycle

World Harmonized Light Vehicle Cycle

SI Unit Meaning

[kg/m3] density of air at 0°C

[-] relative air-fuel ratio

[atm] pressure with unit of standard atmosphere

[nm] diameter in nanometers

[#/cmq] particle concentration

[%] relative humidity

[9/m3] density of water vapor in the air at relative humidity
[9/m®] density of water vapor in fully saturated air



2. Introduction

Ambient air pollution is one of the main factors leading to premature death.
Particulate matter (PM) is responsible for a larger number of attributable deaths that
alcohol use and equivalent number as high cholesterol and obesity. [1] Worldwide PM
contributed to 4.1 million deaths, including deaths from lung cancer, respiratory
infections, and chronic lung disease. But outdoor pollution is not the only risk. People
using solid fuels for cooking, heating etc. are exposed to “household air indoor” pollution.
This indoor pollution was ranked 8" in risk factors in premature death. [1] PM is not the
only factor of indoor or outdoor air pollution. Nitrogen oxides (NOXx), a part of outdoor
pollution, causes approximately 78 thousand premature deaths in Europe. [2] [3]

Due to the particle size the PM is one of the main concerns for population health.
Since the primary particle size varies around 10 nm and their aggregates size around 10-
100 nm, [2] it can easily penetrate deep into the lungs. Fine particles can penetrate alveoli
and interfere with gas exchange between lung and blood. [4] PM often consist of carbon,

sulfates, and nitrogen compounds, but their surface chemical composition varies. [5]

Diesel engine exhaust is a mixture of particulate and gaseous components. [3] Both
phases can contain carcinogens. [2] [3] It was classified by International Agency for
Research and Cancer as a carcinogen to humans (Group 1). Same study classifies gasoline
exhaust as possible carcinogen (Group 2B). [6] With introduction of advanced
aftertreatment, such as oxidation catalyst, particle etc. the toxicity of diesel exhaust
decreases. [2]

The biological impact of air pollutions was studied for approximately fifty years.
For these studies, in vitro (using various cell models) and in vivo (using laboratory
animals) tests were used. Animal models (mouse, rat dog, non-human primates) were
widely used for inhalation toxicology. Disadvantage of animal tests are differences in the
anatomy, physiology and breathing patters between animals and humans. [7] For
examining the effects on humans who suffers from respiratory disease (asthma, chronic
obstructive pulmonary disease, or pulmonary fibrosis), animal experiments provide data
with high failure rates. This is because animal and human models of these diseases are
not fully equivalent. [7] The most reliable information on health effect of air pollution is
provided by tests on human organism. Unfortunately, these tests are expensive, time

consuming as well as limited by ethical reasons [4].



The most advanced method was of cell exposure to pollutants is air-liquid interface
(ALI). [4] Unlike other methods of delivering the sample to cell cultures (bubbling
through the medium, cell exposed on collagen gels or microporous membranes), the ALI
method since it provides similar response in lower sample doses. This is caused by smaller
losses in the culture medium. The ALI method is used to cell exposure to a various
aerosolized samples such as cigarette some, environmental chemicals, engine exhaust or

respiratory viruses and bacteria. [3] [4] [8]

Toxicological incubators are used to simulate the conditions of lung exposure to the
engine exhaust and other complex mixtures containing nanoparticles. The cell exposure
in vitro is linked to the conditions of temperature 37 °C, relative humidity around 85-95
% and concentration of CO2 around 5 % [2] [3] [4], these conditions simulate the
environment of human lungs. Toxicological incubators are used to maintain the
temperature, membrane humidifiers or other methods maintain the humidity. Dilution
tunnels are used to ensure a constant volume sample (CVS) [2], [3] [4], [8]. To examine
the influence of engine exhaust and PM on the cell cultures in real time, a portable

toxicological incubator is needed.

In this master’s thesis the composition of engine exhaust, the mechanism of
formation of engine emission and the sampling train for cell exposure to vehicular exhaust
and to PM is reviewed. Losses in the membrane humidifier and the rotating disc diluter
(RDD) are evaluated. More compact setup of the membrane humidifier is discussed as
well as the possibility of using the RDD instead of the dilution tunnel to obtain the CVS

in portable toxicological incubator design.



3. Thesis goals

« Perform experiments for cell in vitro exposure to exhaust gases and other complex
mixtures with nanoparticles

« Analyze the data and calculate losses in rotating disc diluter and membrane
humidifier

« Analyze more compact setup for portable toxicological incubator



4. Engine exhaust emission

Internal combustion engine emits a cocktail of various gasses and particles. These
gasses can be toxic or mutagenic or both. The solid particles can also be toxic or
mutagenic, and they can also cause mechanical damage. [9] [10]

The products of ideal combustion of HC fuel are CO2 and H20, which make
approximately 20 % of exhaust gas [11]. During non-ideal oxidation of H and C from the
fuel the products are CO, Hz, PM and hydrocarbons (HC). N2 is the main component of
the exhaust volume wise, when using air as oxidizer. This can be seen in Figure 1. O2 can
also be present when operating the engine in so high air excess, that not all oxygen was
used for oxidation of the fuel. In high temperatures various nitrogen oxides NOx are
present. Various organic gases (HC or volatile organic compounds VOC) are also part of
exhaust gases. PM includes solid (non-volatile) materials predominantly elemental
carbon (black soot). It also includes ash, wear particles and mineral dust ingested by the
engine. Semi-volatile compounds, mostly organic compounds originate from incomplete
fuel combustion and combustion of engine lubricating oil. [10] [12] [11]

‘O, = 12 %
N2=67% C0:=12%

H:0=11%

0:=9%

Pollutant Emissions = 1%
CO| HC |[NO«| SO: PM

I .2 S|@ 9.
gJ ‘_’") Q

Figure 1: Typical volumetric
composition of CI engine exhaust
gas [11]

4.1. Analysis of individual component of engine exhaust and its effect
on living organism and environment

4.1.1. Carbon monoxide (CO)

CO is a flammable gas without color, taste, or odor. Its density is 1.250 kg/m?® at
0°C which is slightly less than air (pair=1.2754 kg/m®). It is the simplest molecule of the

oxo carbon family, it consists of one carbon atom and one oxygen atom. [9] [13]
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In larger concentrations, CO causes poisoning. The CO molecule has stronger
chemical bond with hemoglobin than oxygen. When CO creates bond with the
hemoglobin in red blood cells, carboxyhemoglobin is created. This means that the red
blood cells cannot carry oxygen. This bond is reversible in high concentration of Oz. The
symptoms of CO poisoning are dull headache, weakness, dizziness, nausea and in higher
concentration loss of consciousness and spasms. The highest risks are for fetuses, because
the fetal red blood cells take up CO more readily than adult blood cells. Another high-
risk group are children due to their higher breathing frequency. Consequences of exposure
to CO depends on concentration and duration of exposure. This dependency is shown in
Figure 2. [9] [12] [13] [14] [15] [16]

co (%)

0.16¢

0.14} Permanent brain damage - death
0.12} Life threatening

Headache
Q. Noticeable effects

0.08}

0.06¢1

0.04}

0.02t

0 0.5 1 1.5 2 2.5 3 35 time [h]

Figure 2: Effects of CO on human organism depending on time and
concentration [12]

4.1.2. Carbon dioxide (CO>)

CO is an acidic colorless gas with a density of 1.977 kg/m®. CO, molecules consist
of a carbon atom covalently double bonded to two oxygen atoms. Its sharp acidic odor
only appears in high concentration. [17]

Its presence in exhaust gasses is a sign of good engine operation. CO; itself is not
toxic, but it is one of the greenhouse gases and its atmosphere concentration is linked to
climate change. Around 60 % of produced CO: is contributing to global warming, the rest
(approximately 40 %) [11] is eliminated by plants in photosynthesis processes and
dissolved into surface water, which leads to dropping pH of the oceans. [9] [11] [18] [19]
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4.1.3. Hydrocarbon (HC)

Even though HC consists only of C and H atoms it is a wide group of organic
chemical compounds. Firstly, the carbon atoms create bonds with each other and then the
hydrogen atoms join in many different configurations. Based on structure, the HC can be
divided into two categories, the aliphatic and aromatic HC. The aliphatic HC are divided
according to the types of bonds they contain. Alkanes have only single bonds, alkenes
have C=C double bond and alkynes have C=C triple bond. Aromatic HC consists of a

benzene ring, those are classified as arenes, or nonbenzenoid aromatic HC. [20]

aliphatic hydrocarbons
H H
H“‘~~ /H
H—C—C—H C=C H—C=C—H
| & ™
H H H H
alkane alkene alkyne
aromatic hydrocarbons l?
H C H
C
H"C\““fli"{' ~H
H

Figure 3: Examples of aliphatic and aromatic hydrocarbons [20]

Mots HC are highly flammable. Some HC are not dangerous at all, and some are
mutagenic or toxic. That depends on their potential for oxidant formation. Alkanes and
alkenes are not dangerous. Aromatic polycyclic compounds are often carcinogenic.
Aldehydes are reactive species and therefore are generally toxic and can irritate mucous

membrane. They are also DNA-damaging agents. [9] [21] [22]

4.1.4. Nitric oxides (NOXx)

NO is colorless gas. It creates bond with hemoglobin very quickly but is reversible.
Naturally, NO is produced during thunderstorms. The intense heating and cooling causes
otherwise stable molecules N2 and O to bond and create NO. Another source of NO is
oxidation of fuel nitrogen when air-fuel ratio A = 1. When A > 1 and in atmosphere the
NO oxidizes to NO-. [9]

NO: is orange gas with chlorine-like odor. Causes very strong irritation of upper
respiratory tract lungs. With HC is a starting point for oxidation reaction which leads to
production of ozone by photo-dissociation of NO2 by sunlight. NO2 can also form an acid
rain when reacting with water, oxygen, and other chemicals in atmosphere. [9] [23]
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4.1.5. Sulfur dioxide (SO2)

SO is colorless toxic gas. Its odor is similar to a just-struck match. It causes strong
irritation of mucous membrane and increases risk of infection. It one of the causes of acid

rains. [9]

4.1.6. Particulate matter (PM)

PM consists of soot with a reactive surface. This surface can absorb other liquid or
solid phase species. PM can be either soluble or insoluble. Some of the absorbed materials
can be toxic or mutagenic. The soot particles can also cause mechanical damage and can
irritate respiratory tract or eyes. [9]

Soot composes almost half of PM. Particulates consists of liquid organically soluble
phase and solid organically insoluble phase. Soluble phase can consist of aldehydes,
alkanes, alkenes, or aliphatic HC. Lubricating oil, partially oxidized fuel can also

contribute to the soluble part of PM. The structure of PM can be seen in Figure 4 [24]

® [ Solid Carbon Spheres (0.01 -

@ Solids 0.08 mm diameter) combine to
~ (SOL) make Particle Agglomerates
i s | (0.05 - 1.0 mm diameter with

Vapor Phase O Adsorbed Hydrocarbons

Hydrocarbons

Adsorbed Hydrocarbons

Soluble Organic
Fraction (SOF)
Particle Phase

Liquid Cond d
Hydrocarbons Q iquid Condense

Hydrocarbon Particles

® Sulfate with Hydration

o
A o 0e0

Sulfate (SO,)

Figure 4: Schematic structure of PM [24]

4.2. Mechanism of formation of emissions in internal combustion
engines
The Sl engine exhaust gasses contain NOx, CO, and organic compounds. The
oxides of nitrogen are nitric oxide NO and smaller amounts of nitride dioxide NO>. These
oxides are collectively known as NOx. The organic compounds are unburnt or partially
burn hydrocarbons HC. [9] [10]
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The amount of NOx in Cl engines is comparable to the Sl engine. The HC emission
are lower by factor of 5. The HC in the exhaust can condensate and form white smoke
when the engine is cold. Some of the HC are the source of CI engine odor. The main
danger in CI engine exhaust gasses is the PM. These particles diameter varies from units
to hundreds of nm. They consist primarily of soot core with absorbed HC. The PM
emissions are significantly lower in the Sl engine than in CI engine without a diesel

particulate filter (DPF) but are higher than CI engine with a DPF [25]. [9] [10]

Airf/fuel ratio
20 17 15 14 13 12
L L L T T T
Lean Stoichiometric Rich

NO, CO, and HC concentrations (not to scale)

Z i 1 1
07 0.8 0.9 10 1.1 1.2 1.3
Fuel/air equivalence ratio

Figure 5:Variation of HC, CO, and NO concentration
in SI engine with fuel-air equivalence ratio [10]

4.2.1. Carbon monoxide (CO) formation

CO emissions are influenced by air-fuel ratio. Sl engines operates near
stoichiometric air-fuel ratio or in fuel rich at full load. Figure 5 shows how rapidly grows
volume of CO when closer to stoichiometric region as well as in rich region. The massive
increase while leaving stoichiometric ratio is caused by growing adiabatic flame
temperature, which leads to thermal decomposition of CO2 to CO. When moving to richer
region, the adiabatic temperature is dropping, hence the thermal decomposition of CO- is
dropping, but not enough oxygen is present. This leads to CO not being able to oxidize
further to CO2 and concentration of CO is increasing. [10] [26]

The CI engines operates in the lean area, but due to non-homogeneous mixture
certain rich local zones are present. This is the cause for higher concentration of CO but

due to the fact, that CI engines operates in lean mixtures with air excess, the CO is reduced

14
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Figure 6: Concentration of emission in CI engines on air-fuel ratio [9]
by oxidation to CO2. The growing tendency can be seen in Figure 6. This is caused by
lower temperature; therefore, the chemistry is too slow and the chemical reaction freezes.
The temperature for stopping the reaction is around 1400 K. The CO emissions in Cl
engines are quite insignificant. [10] [26]

4.2.2. Nitrogen oxides (NOx) formation

The NO emissions accounts for more than 90 % of total NOx emissions. The

Zeldovich mechanism can be seen in equations (1), (2) and (3)

O+N,—>NO+N 1)
N+0,-NO+0 )
N+OH - NO+H 3)

Temperature above 1700 K and air excess is needed for these reactions to take
place. [9] The high temperature causes splitting N2 and O into their atomic form. The
highest adiabatic flame temperature is reached with slightly richer mixtures, but the lack
of oxygen in richer mixture is obstacle for reactions (1), (2) and (3) to happen. Therefore
the peak of NO emission formation is moved to slightly leaner mixtures with fuel-air ratio
around 0.9.This can be seen in Figure 5, where the NO curve has its peak with fuel-air
ratio just below 1. [9] [10] [26] [27] [28]

In Cl engines the concentration of NOx is lower than in SI engines but share of NO
emissions is higher. The NO is produced in the flame front. The NO concentration

produced by a Cl engine is linked to the air-fuel ratio, temperature, and compression ratio.
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The CO, forms at lower temperature regions (below 1200 K) [28]. It is formed by

reaction:

NO + HO, - NO, + OH (4)
HO: is formed in the colder regions of unburned gas, and it reacts with NO formed in the
flame front. NO> is only exhausted when temperatures are below 1200 K, at temperatures
higher than that, it reverts to NO. [9] [26] [27] [28]

NOx formation can be reduced by Exhaust gas recirculation (EGR). Part of the
exhaust gases is returned to the cylinder for mixing with fresh air. The temperature is
decreasing with increasing EGR and therefore, the NOx concentration is also decreasing.
[91 [26] [27] [28]

4.2.3. Hydrocarbons (HC) formation

HC or more appropriately called organic emissions are a result of incomplete
combustion of the hydrocarbon fuel. Fuel composition is influencing the composition and
volume of organic emissions. Fuels that contain high amount of aromatic HC produce
higher concentration of reactive HC. [10] [29]

Main source of HC is incomplete combustion of HC fuel. HC will remain only in
areas where the temperature is too low for the flame to propagate. Areas like that are
crevices in the combustion chamber such as piston top-land volume (the volume between
cylinder and piston above top ring), the area within the top-ring groove, which is not

occupied by the ring, the valve seat crevices and so on. [9] [26] [29]

Another source of HC can be lubricating oil penetration to the combustion chamber
around piston rings or valve lining. The oil stays on the wall and absorbs some of the fuel.
The temperature on the wall is too low for the flame propagation due to the quench layer.
The piston scrapes HC from the wall to the exhaust port during exhaust stroke. HC that
can not be reached by the piston, are removed from the cylinder during early exhaust
because of pressure gradient (the pressure in exhaust port is lower than in the combustion
chamber). [9] [27] [28] [29]

HC which do not burn in the primary combustion process, they need to survive
expansion and exhaust process without oxidizing. Only those will appear in exhaust
gasses. HC can oxidize in post combustion when temperatures are around 1200 K.
Another oxidation is happening in catalyzing system where the HC oxidizes at
temperatures around 700-900 K. [9] [10]
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The CI engines are using fuel with higher contain of HC compound with higher
boiling points that SI engines. Due to the heavy mixing and oxidizing processes in diesel
combustion, there are many factors that contributes to the HC emissions. The procedure

of HC formation in CI engines is shown in Figure 7. [10]

Fuel Air Fuel \
. Slow mixing or
Fuel-alr PYrolysis | jack of oxygen
\ Products of
pyrolysis
mm Comhmtlble v . }ocaly
mixture mlxture Combustible __~~_ overrich
mixture mixture
1
\ Bulk hi Slow reaction,
quenching no ignition or
Slow l‘eai:tion. ﬂal'nc pmpﬂgﬂﬁﬂn
no ignition or »  Bulk
f tion Ignition and )
amme Pﬂi!’lsl q ion .. Quenct
Products of Products of Products of Products of
incomplete complete complete incomplete
combustion combustion combustion combustion

(a) ®

Figure 7: Schematic diagram of HC formation for CI engihes, (@) fuel
injected during delay period (b) fuel injected while combustion is in
progress [10]

Situation when the fuel is injected during the ignition delay can lead to various
scenarios. Some of the fuel will form a locally over lean mixture (this will not support
any flame propagation or will not auto ignite), some will form locally over rich mixture
(combustion of this mixture depends on further mixing with air or already burned gases
before expansion), and some will be in combustible range. [10]

If the fuel is injected after the ignition delay period, rapid oxidation of fuel while
mixing with air results in complete combustion. When the mixing is too slow, it can result
in over rich mixture or quenching, which can lead to incomplete combustion. [10]

The higher air-fuel ratio, the lower the temperature of the flame. The chemical
reaction either processes very slowly or can even freeze-up. This leads to increased HC
emission in leaner mixtures. This can be seen in Figure 6. The curve of HC is slowly
increasing with increasing air-fuel ratio. Generally, the HC emissions are lower in Cl

engines than in Sl engines. [10] [26]
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4.2.4. Particulate matter (PM) formation

For Sl engines are the main particulate emission organic particles and sulfates.
Gasoline contains certain amount of sulfur which is oxidized in the cylinder to sulfur
dioxide SO2. The SO is further oxidized in the catalyst to more dangerous SOz, which
reacts with water resulting in highly corrosive sulfuric acid H.SO4. Another cause of
particle emission in Sl engines is for example un-combusted or partially combusted
engine lubricating oil, corrosion particles from the engine parts. SI engines produces
lower concentration of PM than CI engines, but Cl engines are equipped with a particulate
filter and their result emissions are lower (if SI engine does not have the particulate filter
as well). [9] [10] [26]

PM in CI engines, including soot, is much bigger problem than in SI engines. Soot
forms at extreme local air deficiency where carbon does not have sufficient oxygen to
form CO or COo>. This air deficiency appears locally in CI engines. Soot particulates are
form by aggregation of molecules with deficiency of hydrogen. These molecules are

chains of carbon atoms. [9] [10]

The process of soot formation depends on pressure, temperature, fuel composition
and injection parameters. The oxidation process depends strongly on temperature and
pressure. The formation takes place in areas with high temperature and lack of oxygen.
The temperatures need to be between 1000 and 2800 K with pressures from 50 to 100
atm. [10] The process consists of six steps. Pyrolysis, nucleation, surface growth,
coalescence, agglomeration, and oxidation. [24]

During pyrolysis the fuel undergoes a change on molecular level at high
temperature without oxygen. These reactions are generally endothermic and depends on
temperature and concentration of air and fuel. Typical products of pyrolysis are for
examples polyacetylenes or polycyclic aromatic hydrocarbons. [10] [11] [24]

Particles are formed from gas phase reactants during nucleation. The usual range is
around 1.5-2 nm in diameter. These reaction needs temperature around 1300-1600 K. [24]
Nucleation phase does not contribute to the total soot mass that much, but it provides big
surface area suitable for surface growth. Nucleation forms big number of very small
particles. [10]

Surface growth plays a major role in increasing mass of soot. The surface growth

rate is larger for smaller particles since they provide bigger surface area. [24]
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Next step is coalescence and agglomeration. In this step the particles collide with
each other and therefore form a single spheroid. The size of primary particles ranges from
20 to 70 nm, this depends on engine working conditions. After agglomeration the size of
particles varies from 100 nm to 2 um. [9] [10] [24]

When carbon or HC oxidizes it will not be involved in soot formation anymore.
This oxidation reaction can happen at any time during the soot formation. Main oxidizing
factor is the presence of radicals like OH, O- and O. Oxidation takes place if the
temperature is higher than 1300 K. [24] The process of soot formation is shown in Figure
8. [10] [30]
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Figure 8: Process of soot formation [30]

Typical scheme of stabilized combustion jet in CI engine can be seen in Figure 9.
The yellow area is with high sooth concentration. That is because the temperature is high
enough for soot to form and it lacks oxygen, because all radicals needed for oxidation
were used around the white dashed line. [10] [24] [30]
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Figure 9: Typical schematic of stabilized fuel jet in Cl engine [11]

The combustion particles are not the only ones that are produced. Particles from
tires or from brake pads can also be found. Particle concentration from the brake system

is similar to the concentration from engine exhaust. [31] Particles can also be generated
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from road abrasion. [32] The combustion particles are mainly spherical carbon particles,

and they have tendency to aggregate. The mineral particles, for example from road wear,

Mineral particle Combustion particles
0.5-10 pm 20-30 nm
i

Endotoxin Endotoxin,
/ allergens
Organic +—— Organic
compounds T compounds
- . / Inorganic
Wariable mineral Metals

and metal content salts

Figure 10: Schematic structure of mineral particle from road abrasion and combustion
particles [33]

and are larger. This is shown in Figure 10. In Figure 10 can also be seen larger surface
area for of aggregated combustion particles. This leads to bigger potential for adsorption

of various possibly dangerous components such as metals, allergens, or toxins. [33]

5. Particle measurements instruments

There are multiple instruments available for measuring concentration and size of

particles in aerosol. Both parameters are key factors in determining particle effects on
environment and human population. Concentration and composition of sample is needed
when using ALI method of cell exposure, or any other method. Particles can be lost in the
sampling train, in every crevice, on the wall, a membrane, a flow control, any barrier that
is in particles way leads to losses. Therefore, determining the losses is important to know

to what concentrations are cell cultures exposed.

5.1. Engine exhaust particle sizer (EEPS), model TSI 3090

The EEPS is using differential electrical mobility classification to sort the particles
by their size. The basic principle is to create uniform polarity in the aerosol entering the
instrument. With different size particle different electrical potentials are achieved. Those
particles then enter the analyzer column near the central rod (Figure 11). Here, they are
deflected in radial direction and collected on the outer wall on electrically isolated
electrodes. The particle concentration is calculated from electrical current on a series of
electrodes. [34]
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Inlet aerosol needs to enter a 1 um cyclone. This is for getting rid of large particles
which are out of range. After it the flow enters the charging region where two unipolar
diffusion chargers are used for charging. Firstly, a negative charger is used to reduce the
number of highly positive particles and then a positive charger to put predictable positive
charge on the particles. In the charger fresh air is added in flow of 0.6 liters per minute
(Ipm) to keep the charger clean. To prevent non uniform charging a flow 2 Ipm is removed
from the area in the center of charging region. A particle free recirculating sheet flow is
added to achieve 49 Ipm flow through the column. The flow scheme of EEPS is shown

in Figure 12. [34] [35]

Aerasol >
In

Sheath ¢|/|ﬂ¢
S| N
:!H//\\ E

Electrode

Excess
Flow

si8lewolioe|] —‘
m

1 [

1
slajewolios|g 4‘

Exhaust «——

Figure 11: Simple schematic diagram of EEPS model 3090 [35]

The inner cylinder consists of multiple sections with different voltages. The inner
rod is split into three parts, and each of them is separately charged into high positive
voltage. This causes the particles deflection towards 22 electrodes on the outer wall.
These electrodes are electrically isolated by highly insulating plastic. Small particles have
higher electrical mobility than larger ones, therefore are deflected toward the electrodes

near the top of the column. Large particles are deflected further downstream. [34]
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Figure 12: Flow schematic of EEPS [34]

To achieve high time resolution, certain corrections need to be made. There are time
delays between detecting smaller particles on the top of the column and detecting larger
particles downstream. Particles that do not contact electrodes and only flew pass them
can create image charges. Therefore, an inversion algorithm is used for the correction of
image charges and time delays. The algorithm converts the 22 currents from electrodes
into 32 size channels on output. The output channels are equally distributed between 5.6
nm and 560 nm. [34] [35]

EEPS works between concentration limits given for each output size channel. The
lower limit depends on particle size and averaging time. The upper limit depends on the
fixed limit of detectable current on each electrometer channel. This limit does not change
with averaging time. If the upper limit is exceeded the EEPS is not able to plot the value
above it. This affects the shape of distribution. When measuring high concentration close
to the upper limit or even exceeding it, cleaning of electrodes is needed to preserve the

quality of measurement. [34]
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5.2. Scanning mobility particle sizer (SMPS), model TSI 3080

Like EEPS, the SMPS also sorts particles by size. It has three major parts: a bipolar
charger (neutralizer), a flow controller, a high voltage controller and a Differential
Mobility Analyzer (DMA). The principle is based on monotonic dependency between
electrical mobility and particle size. The particles pass through bipolar charger to ensure
fixed percentage of particles that carry one unit of charge. By undergoing collisions with
bipolar ions, a process known as neutralization or bipolar charging takes place. This
achieves equilibrium state with known percentage of particles that carry zero charges, one
unit of charges or multiple charges of both polarities. Then the particles enter the DMA
and are sorted by their electrical mobility. The electrical mobility is related to particle

size and number of charges on the particle. The DMA can be seen in Figure 13. [35] [36]

Figure 13: SMPS model 3080, (a) Long DMA (b) nano DMA [36]

The classifier can operate in two modes. First one is overpressure mode during
which the CPC dictates the flow rate of polydisperse aerosol. Second one is under-
pressure mode, the flow rate is set by the aerosol source entering the classifier. [36]

To process polydisperse aerosol and provide monodisperse output, several
subsystems are needed. The major ones are impactor, sheath-air flow controller,
neutralizer, high-voltage controller, and DMA. Schematic diagram of the SMPS classifier

is shown in Figure 14. [36]
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Figure 14: Schematic diagram of SMPS classifier [36]
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An impactor is used on the inlet to remove particles that are bigger than known
particle size. These large particles contribute to multiplying the charges in aerosol and
therefore need to be removed. The impactor consists of a nozzle and an impaction plate
(See Figure 15). The plate forces the flow into 90° angle. The particles that are too big
and therefore have sufficient inertia, they will not be able to follow the flow and impact

on the plate. Smaller particles will follow the streamlines and exit the impactor. [36]
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Figure 15: Cross-section of an inertial impactor [36]
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A sheath flow controller maintains constant flow through the sheath flow loop.
A microprocessor is used to monitor the flow and to control it with a pump. To remove

the heat added to the circuit by the pump a heat exchanger is present. [36]

Constant flow through the bypass circuit is maintained by the bypass flow
controller. The pressure drops around the orifice and these drops are monitored for
controlling the pump. [36]

5.2.1. Long DMA

The long DMA provides range of measurable sizes from 10 nm to 1000 nm. It
consists of two electrodes of cylindrical shape made of polished stainless-steel and
insulated from each other by spacers. The lower spacer is made of acetyl-plastic. It allows
enough high-voltage leakage to prevent static charge build up near the exit slit. This

allows better small particles transport. [36]

There are two separate inlets in DMA. One for filtered particle-free sheath flow and
one for the polydisperse flow. The sheath flow goes through fine nylon mesh to straighten
the flow, the air flows downward in axial direction in the classifier region. The
polydisperse flow flows axially as well, but the aerosol flows between two cylinders for
evenly distribution. It is then smoothly merged with the sheath flow. Negatively charged
particles are removed towards to the outer wall, positively charged particles continue
downstream and are attracted to the center in radial direction. Neutral particles are
removed with the excess flow. [36]

5.2.2. Nano DMA

The nano DMA provides range from 2 nm to 150 nm. The aerosol enters the short
connecting tube. This tube widens to a conical section and forms annular channel. The
conical shape allows increased flow of the polydisperse aerosol to the inlet slit. It reduces
particles losses by reducing the transport time. The sheath flow enters the nano DMA
from the bottom, through the central electrode. After that it is turned backward and flows

downwards. The extra air exits the DMA as bypass flow. [36]
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Figure 16: Schematic diagram of the nano DMA [36]

5.3. Condensation particle counter (CPC), model TSI 3022A

The CPC uses principle of condensation of supersaturated vapor on small particles
making them bigger and detectable. An aerosol sample is pumped through adjustable
inlet. The inlet can be set for high-flow measurement (1.5 Ipm) or for low-flow
measurement (0.3 Ipm). The high-flow setup provides faster response time and minimizes
transport losses. The low-flow setup provides flexibility for using with SMPS in serial
setup. [37]

1-Butanol is used to saturate the flow. Heated saturator is used for heating the flow
to 37 °C. After the sample passes through the saturator it enters a tube cooled to 10 °C
serving as a condenser. When exposed to cooler temperature, the butanol condensates
onto the particles. This creates easily detectable larger particles (droplets). Optical
detector is placed right after the condenser. [37]

The CPC measures in two modes. While concentration is below 10* particles per
cubic centimeter (#/cc) it measures in single-count mode. The detector detects and counts
each single particle. In photometric mode the concentration is measured by light
detection. The CPC uses light scattered by all particles at one time and comparing the

value to calibration values. This mode measures concentrations up to 107 #/cc. [37]
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Figure 17: Schematic layout of CPC model 3022A [37]

Relative response curve from [38] can be seen in Figure 18. Particle counting
efficiency is decreasing with decreasing particle diameter. Particles with diameter smaller
than 7 nm are detected with 50 % efficiency. Particles bigger than 14 nm are detected

with more than 80 % efficiency.
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Figure 18: Response characteristic of CPC TSI
3022A for silver particles. Geometric mean
particle diameter between 3 nm and 20 nm [38]
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5.4. Rotating disc diluter (RDD), type MD-19, Matter Engineering
The RDD is used to dilute the sample to ensure the CVS. It consists of a rotating
disk with hemispheric cavities. The disk rotates on a stainless-steel block disposing of
two aerosol channels. The hemispherical cavities deliver a defined amount of sample to
a fresh airflow. By adjusting the frequency of rotation and volume of cavities, the dilution
can vary from 1:15 — 1:3000. The dilution factor depends on the temperature and
indicates, how many times higher is the undiluted flow compared to the diluted flow. A

dilution factor “15” corresponds to a dilution ratio of 1:15. [39] [40]
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Figure 19: The rotating disc diluter model MD-19. A:
undiluted flow, B: fresh air flow, (1) body, (2) rotating disc,
(3) cavities [39]

The block and the dilution air are heated to prevent homogenous and heterogenous
nucleation of water, sulphuric acids and organic compounds that might be present in the
sample. This process is called a hot dilution method, its goal is to prevent nanoparticles
to form due to the sampling and dilution and to assure the dilution air flow provides
information about particles created by the source of aerosol. [39] [40]

The RDD consists of two main parts, a diluter head (disposing of a heated block
and rotating disc) and a control unit. The control unit is connected to the head by two
connections: one electrical and one pneumatic, both 3 meters long. So the diluter head is

placed closer to the aerosol source. [39] [40]
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Losses caused by diffusion take place in the undiluted exhaust and diluted flow
tubes. Losses are proportionally dependent on the length of the tube and inversely
dependent on the sample flow. Testo manual [40] states, that total losses for 30 nm size
particles, with sample flow of 1 Ipm and length of the gas tube 3 m are approximately

7 %, under same conditions losses for 10 nm particle are around 10 %. [39] [40]

6. Cell exposure system

ALLI system was used for cell exposure. Cell cultures are placed in inserts containing

a membrane that allows the deposition of these cultures. Inserts are held by a 128x86 mm
24-well plate. The exposure chamber, see Figure 20, allows the exposition of eight
cultures at one time. A stainless-steel distributor is used to divide the flow equally to all
cell cultures. The distributor is equipped with eight tubes with a 5 mm outer diameter
facing the exposed culture. [2] [3]

Figure 20: Exposure chamber [2]

The well plate with inserts and the flow distributor are installed in an airtight
polycarbonate container. The stainless-steel table is situated on the bottom of the
container, and it is adjustable. Sample inflow is in the center of the lid (A in Figure 20)
and outlet in the corner (B in Figure 22). The container is designed to a nominal flow of

200 cc per minute, which equals to 25 cc per well. Cell cultures can be prepared in a
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controlled area. The container then can be sealed by connecting the inlet and outlet by a
tube and transported to an experiment setup.

Exposure chambers (A) are placed in a toxicological incubator (B) maintaining the
temperature at 37 °C. Two exposure chambers were used in this study. The first one was
used for the sample and was exposed to a diluted exhaust or aerosol with generated
nanoparticles. The other one was used as a reference and was exposed to filtered synthetic

air. The exposure system can be seen in Figure 21.
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Figure 21: Cell exposure system sampling train; (A) exposure chambers,
(B) toxicological incubator, (C) membrane humidifier, (D) deionized
water reservoir, € heat exchanger, (F) flow control

On the outlet of the source of the sample, CO> is introduced at a concentration
around 5 %. COz is introduced to the reference air under the assumption that the reference
air does not contain any CO». Before the incubator inlet, a flow around 3.3-3.6 Ipm is
diverted into an online analysis. Flow around 0.5 Ipm passes through the incubator wall
(B), then through the heat exchanger (E) to be heated up to 37 °C and through a membrane
humidifier (C) (PermaPure model no. FC125-240-5MR). Deionized water is supplied
from a water reservoir (D) installed on top of the humidifier. The relative humidity needs
to be 85-95 % to simulate the human lung environment. On the humidifier outlet a flow
of 0.3 Ipm is diverted into an online analysis and a flow of 0.2 Ipm passes through the
exposure chamber. The flow is controlled by rotameters with a needle valve (F) located

downstream of the exposure chamber.

A particle generator or a diesel engine were used as a source of sample flow. Those

setups are described in the following chapters.
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6.1. Experiment with the particle generator (PG)
A particle generator (PG) was used as a stable source of nanoparticles. Particles of
4 materials — Gold, Copper, Iron and Carbon were used to determine losses in the
membrane humidifier. This experiment was primarily used to determine the toxicity of
the particles. Concentration and size of particles can be varied by adjusting voltage,

current and flow of N2 through the generator.
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Figure 22: Nanoparticle production by spark ablation [41]

The inert gas serves as a protective atmosphere. It prevents oxidization from
happening. By using inert gas N2 pure metal particles were produced. Particle surface was
free from organic contaminants. Particles were generated in the process of spark ablation.
Short lasting sparks (1-10 p) cause strong evaporation of the electrodes. [41] Vapor is
carried further downstream with the flow of inert gas and after agglomeration it creates
primary particles and later agglomerates. The scheme of nanoparticle production by spark

ablation can be seen in Figure 22.

6.1.1. Experimental setup

The schematic experiment setup can be seen in Figure 23. The real pictures in
Figure 24 and Figure 25. For sample flow analysis the EEPS (D) and the SMPS (E) in
serial connection with the CPC (F) were used. To calculate the losses, the SMPS was used
in two setups. In the first setup, during cell exposure, the SMPS (E) was connected serial
with the exposure chamber (K), see the dash line in Figure 23. For the second setup, the
SMPS (E) was connected right after PG (A). This setup was used for calculation of losses
in the membrane humidifier (PermaPure model no. FC125-240-5MR) (G).
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Figure 23: Experimental setup; (A) Body of the PG, (B) Head of the PG,
(C) Incubator, (D) EEPS, (D) SMPS, (F) CPC, (G) Membrane humidifier,
(H) Hepa-filters, (1) Heat exchangers, (J) Pump, (K) Exposure chambers

The EEPS (TSI, type 3090) was used to measure electrical mobility of the particles
and their size distribution at 1 Hz rate. The EEPS (D) was sampling mixture on the PG
outlet. The inflow of filtrated air was approximately 6.6 Ipm and intake of sample
approximately 3.3 lpm.

The SMPS (TSI, type 3080 with 3081 DNA) with CPC (TSI, type 3022A) were
used for sampling on the outlet of the membrane humidifier cells to obtain information
about concentrations and particle sizes on the cell cultures. The SMPS was running with
sheath flow of 3 Ipm for gold, iron, and carbon electrodes and with 10 Ipm for copper.
When measuring smaller particles (d < 14 nm), SMPS concentrations were multiplied by
published detection efficiency of CPC (TSI 3022A) for silver particles [38].

Electrode of chosen material was placed in the head of the PG (B). The flow of inert
gas N2 was introduced. Flow rate through the PG varies and depends on the used
electrodes. After that the spark was initiated. Before the inlet to the incubator (C) around
3.3-3.6 Ipm flow rate is diverted to online particle monitoring (EEPS (D) or EEPS (D)
and SMPS (E)).
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SMPS is sampling from the outlet of the humidifier parallelly with the exposed
exposure chamber (K) (see the dashed line in Figure 23). The flow that continues to the

cell samples into exposure chamber (K) is nominally 0.2 Ipm. Rotameters with needle

: \ / \:t
» N F :
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Figure 24: Real experiment setup; (A) Body of the PG, (B) Head of the PG,

(C) Incubator, (D) EEPS, (E) SMPS, (F) CPC, (L) Silica gel dryer
valve were used to adjust the flow rates. To simplify the schema, they have not been
included there. Can be seen in Figure 25. The pump (J) is used for pumping the CO>
through the sampling train.

COz-enriched synthetic air was introduced to the cellular samples in the reference
(control) exposure chamber. On the outlet the flow needs to go through a dryer with silica
gel (L). Due to the fact of being almost 100 % humid, the flow needs to be dried before
it can leave through ventilation. See Figure 24.

Losses in the membrane humidifier were determined as a difference in total
concentration on SMPS between two setups. Results are presented as percentage of lost
particles dependent on their size as well as comparison of losses in the membrane

humidifier of different materials.
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Figure 25: Inside of the Incubator (C); (G) Membrane humidifier, (H) Hepa-filter, (1) Heat
exchanger, (K) Exposure chamber, (R) Rotameters

6.2. Experiment with CI engine

The RDD (type MD-19, Matter Engineering, n. 101496, number of disc:
69090/12/01/36) was used to further dilute the sample that was already diluted in dilution
tunnel. Sample was taken from a diesel engine (lveco Tector, 6.6 ) exhaust. Engine was
connected to dynamometer (AVL DynoExact 304/8) and run on the World Harmonized
Transient Cycle (WHTC).

The sampling train can be seen in Figure 26. The engine was connected to a dilution
tunnel to ensure constant volume sample (CVS). The dilution tunnel flow was set to 70
meters per second (m.s%). From the dilution tunnel outlet flow 3.3 Ipm was redirected to
the EEPS for analysis. When the RDD (D) was connected, the sample first entered the
RDD and after that a flow 3.3 Ipm was redirected to the EEPS.

The RDD worked with potentiometer set on 2. The dilution ratio (RD) is given as
178.7 for potentiometer value of 1 and 62.0 for potentiometer value of 2.5 (From
calibration list dated 17.9.2013). After recalculation by weighted arithmetic mean value,
for the potentiometer value of 2, the DR is 78.8. The RDD works with the inflow of 0.5-
5 Ipm, the EEPS works with inflow of 10 Ipm (the EEPS was taking flow around 6.6 Ipm
of fresh air through hepa-filter). Due to that fact the sample was diluted 2:1 on the inlet
of EEPS. Total DR is then 157.6.
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The losses on RDD were obtained as a difference between total concentrations on
the EEPS when EEPS was sampling on the outlet from the dilution tunnel (dashed line in
Figure 26) and when it was sampling on the outlet of the RDD. The above stated
calibration ratio was considered.

Cell cultures were placed in the exposure chambers (G) (See Figure 20). One of the
exposure chambers was connected to the sample flow and the other one to filtered air
flow for reference. CO in concentration around 5 % on the cell cultures was introduced
to both chambers. The flow was controlled by rotameters with needle valves placed on
outlets of the exposure chambers.

Sample and control flow entered the toxicological incubator (C) which was heated
to 37 °C. Flow then went through the heat exchanger to be heated up. The membrane
humidifier (PermaPure model no. FC125-240-5MR) was used to create humidity around
85-95 %. Temperature 37 °C, concentration 5 % of CO2 and high humidity simulates the

environment of human lungs.
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Figure 26:Smpling train; (A) the EEPS, (B) the CPC, (C) the
toxicological incubator, (D) the RDD, (E) heat exchanger, (F) the
membrane humidifier, (G) the exposure chamber
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7. Results

7.1. Losses in the membrane humidifier

The CPC and the SMPS were connected serially The SMPS sorted particles by size
and the CPC counted particles. The SMPS provides data in samples, where each sample
took 3 minutes to complete the whole spectrum. The sheath flow was set to 3 Ipm for Au,
C and Fe, for Cu it was set to 10 Ipm to try to detect smaller particles. The size range for
the sheath flow 3 Ipm was from 14.6 nm to 615.3 nm, for the sheath flow 10 Ipm the range
was 7.37 nm to 289 nm. To achieve better results the SMPS concentrations were
multiplied by the detection efficiency of the same CPC model TSI 3022A for silver

nanoparticles provided in literature [38]. This response curve can be seen in Figure 18.

Resulting file from the CPC provided particle concentration for each sample. Each
of these samples had concentration for each size channel. To plot the concentrations
before and after the humidifier a model samples were chosen. By averaging values from
these samples, the concentrations can be plotted as a function of the particle diameter.
Due to this averaging, concentrations can be plotted as two curves, one for samples before

the humidifier and the second one for samples after the humidifier.

The results provided by the EEPS included concentration (#/cc) as a function of
time and particle size. For each one of the 32 output size channels a value of concentration
as a function of time were calculated by the instrument. To compare these results to results
from SMPS and CPC the concentrations needed to be multiplied by 16, which is the
number of channels per decade. The channels were equally distributed from 6.04 nm to
523.3 nm. The EEPS also provides data on total concentration.

The resulting file from the EEPS consists of concentrations in each size channel
during time of the measurement. The EEPS scans every second. The SMPS scans only
every 3 minutes. The values from the EEPS were chosen to match the time of the chosen
samples from the SMPS. After determining the time of the SMPS samples the values from
the EEPS file were averaged to get a single curve representing the concentrations in the
EEPS as a function of the particle diameter.

7.1.1. Gold electrodes

In Figure 27, the average concentrations measured by the SMPS as a function of
particle size are plotted. Due to the SMPS limitation in size range, large portion of

spectrum is missing, and only last third or so is visible.
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Figure 27: Mean particle size distribution of gold
particles before and after humidifier measured by the
SMPS. The SMPS was sampling from the PG outlet for
“Samples before humidifier ”, and from the humidifier
outlet for “Samples after humidifier ”
From the SMPS data on geometrical mean value of particle diameter were obtained.
But since the maximum value of the diameter is not in the measurable range, those results
are not included. When looking in Figure 32, the geometrical mean value of particle

diameter was around 10 nm as measured by the EEPS.

From measured samples on the SMPS representative samples were chosen. Losses
for gold particles were determined as a difference between total concentration in samples
taken from the humidifier outlet and the PG outlet. The concentration on the membrane
humidifier outlet were 56.68 %, 54.10 %, 49.94 %, 55.80 %, 43.33 %, 51.89 %, 43.55 %,
46.65 %, 41.44 %, 43.39 %, 37.03 %, 34.04 %, 40.82 %, 31.15 % and 37.87 %
(44.51+7.89 %) lower than on the outlet of the PG. See Table 5. The mean total
concentration determined from the EEPS sampling from the PG outlet was determined as
5,71+0,38 million #/cc.

The particle losses also depend on size of the particle. This is shown in Figure 28.
For particle diameter 14 nm the losses are 60 %, and then it is declining, and the smallest
losses are for particles around 70-80 nm. The biggest losses by percentage are in particle
size around 500 nm, but the concentration of these big particles is very small in

comparison to particles around 14 nm. The curve is also not stable for larger diameters.

In Figure 29 the comparison of size distribution from the EEPS and SMPS can be
seen. The EPPS concentration was multiplied by 16 because of the channel size difference
between the EEPS and the SMPS. The EEPS curve peak is around value of 10 nm.
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Figure 28: Percentage of losses as a function of particle
diameter
For comparison of spectrum of the EEPS and SMPS, the EEPS spectrum was cut
to the same size as the SMPS spectrum. Both instruments were sampling on the same spot
from the PG outlet. The cut off spectrum ranges from 14 nm to 523 nm. This is shown in
Figure 29. The size distribution is very similar.
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Figure 29: The cut off spectrum of the EEPS in comparison with
the SMPS spectrum

7.1.2. Copper electrodes

For copper the sheath flow was set to 10 Ipm and therefore corrections are needed,
therefore every SMPS curve was multiplied by the response curve in Figure 18. In Figure
30 are shown results for size distribution of Cu particles before and after the humidifier.
Concentration of Cu particles from the SMPS before and after the humidifier is on the
main y-axis and particle counting efficiency is on secondary y-axis. These concentrations

were obtained from the SMPS. The highest concentration is at 12 nm particle size.
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The size of particles is shown in Table 1. The geometrical mean value of diameter
before the humidifier was found as 13.927+1.331nm. The particle diameter after the

humidifier is larger by 5.66 %, nominally 14.715+1.372nm.

Samples before | Samples after
the humidifier | the humidifier | Difference [%]

Geo. Mean [nm] 13.927 14.715 5.66
Geo. Std. Dev. [nm] 1.331 1.372

Table 1:Geometrical mean value of copper particle diameter. Geometric
standard deviations represent variance among approximately 4 hours of testing.

Total concentrations on the outlet of the membrane humidifier from the chosen
SMPS samples were 68.33 %, 69.56 %, 66.13 % and 68.17 % (68.05+1.42 %) lower than
concentrations on the outlet of the PG. See Table 6. The mean total concentration

determined from the EEPS sampling from the PG outlet was determined as 2,1+0,47

million #/cc.
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Figure 30: Mean particle size distribution of copper particles before and
after the humidifier measured by the SMPS. The SMPS was sampling from
the PG outlet for “Samples before humidifier 7, and from humidifier outlet
for “Samples after humidifier ”. Both curves were multiplied by the response
curve from literature [38]

The dependency of particle losses can be seen in Figure 31. Similar trend to Au can
be seen in particle diameter from 10 nm to 80 nm. The losses are decreasing in this
interval. For particles around 40-90 nm the values vary from losses 40 % to gain 40 %.
For large particle with diameter above 100 nm, no stable curve is visible, but the losses

are increasing.
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Comparison of the size distribution from the EEPS and the SMPS is shown in
Figure 32. The EEPS curve peak is also around 11-12 nm. The peak concentration
measured by the EEPS is around three times larger than the one measured by the SMPS.

To compare both spectra from the EEPS and the SMPS while sampling from the
same spot after the PG, the spectrum from the EEPS needed to be cut to match the SMPS
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Diameter [nm]

spectrum. New range is from 7 nm to 294 nm. See Figure 34.
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Figure 32: Comparison of mean particle size distribution from EEPS,
and SMPS before and after the humidifier. The EEPS were sampling

from the PG outlet
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Figure 34: Comparison of size spectra from the EEPS and the SMPS
on the same sampling spot, the PG outlet

7.1.3. Iron electrodes

The sheath flow for iron electrodes was set at 3 Ipm. This gives range from 14.6 nm
to 615 nm. Dashed blue and orange lines in Figure 33 represent the part of spectrum that
is missing (out of range). The line A around 20 nm diameters approximately marks where
the CPC most probably switched to photometric mode due to the drop in concentration.
Line B around 50 nm approximately marks where the CPC switched back to single
particle detection mode due to the slight increase in concentration. To smooth out the

curve a correction was made.
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Figure 33: Mean particle size distribution of iron particles before and
after humidifier measured by the SMPS. The SMPS was sampling from
the PG outlet for samples before humidifier, and from the humidifier
outlet for samples after humidifier. Line A — the CPC switched to
photometric mode, Line B — the CPC switched to single particle
detection mode
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Concentration in photometric mode (from 20 nm to 50 nm) was multiplied by an

empirical calibration factor 1.4. This factor was obtained by looking at the plots and trying

out different values. This correction was made by hand. The smoothed curves are shown

in Figure 35.
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Figure 35: Corrected concentration by multiplying by the
empirical calibration factor

The geometrical value of diameter before the humidifier was obtained as

27.269+1.513 nm. The particles after the humidifier are by 9.14 % larger with geometrical

value of diameter 29.763+1.578 nm. Total concentration dropped by 43.65 %.

Total concentrations of iron particles before the membrane humidifier were
obtained from SMPS samples. Concentrations were 45.29 %, 25.83 %, 39.51 %, 20.59
%, 47.37 %, 41.36 %, 39.10 %, 25.82 % and 45.31 % (36.69+9.96 %) lower than before

the humidifier. The mean total concentration measured by the EEPS sampling from the

PG outlet was determined as 10,50+1,53 million #/cc.

Samples Samples
before the after the
humidifier humidifier Difference [%]
Geo. Mean [nm] 27.269 29.763 9.14
Geo. Std. Dev. [nm] 1.513 1.578

Table 2: Geometrical mean value of iron particle diameter. Geometric standard
deviations represent variance among approximately 4 hours of testing.

42



The losses were plotted against particle diameter in Figure 36. The biggest losses
are for particles around 20 nm nominally 60 %. This copies the size distribution in Figure
33. For particles around 50-100 nm the values vary from 10 % losses to 10 % gain. Larger
particle losses are increasing till 200 nm, with losses just under 40 % and then decreasing
to 20 %.
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Figure 36: Dependency of iron particle losses on particle diameter

The comparison of the EEPS and the SMPS measurement can be seen in Figure 37.
The biggest particle concentration is around 11 nm for the EEPS spectrum, while for the
SMPS instrument it is around 22 nm.
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Figure 37: Comparison of mean particle size distribution of iron
particles on the EEPS and on the SMPS. The EEPS was sampling
from the PG outlet
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To compare the size distribution from the EEPS and the SMPS from the same
sampling after the PG, the EEPS spectrum was cut to range from 14.3 nm to 523 nm. This

comparison is shown in Figure 38.
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Figure 38: Comparison of size spectra from the EEPS and the
SMPS on the same sampling spot

7.1.4. Carbon electrodes

In Figure 39, concentrations measured by the SMPS were plotted as a function of
particle diameter. Two dashed lines represent missing parts of spectra. There are visible

jumps around 25-30 nm and around 100 nm. These are caused by the CPC switching
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Figure 39: Mean particle size distribution of carbon
particles before and after humidifier. The SMPS was
sampling from the PG outlet for “Samples before
humidifier ”, and from the humidifier outlet for “Samples
after humidifier”
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between different measuring modes. These curves were smoothed out by multiplying the
concentrations in photometric measuring mode (between 25-90 nm) by an empirical

calibration factor 1.5. After that plot in Figure 40 was obtained.
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Figure 40: Concentrations of carbon particles measured
by the SMPS multiplied by empirical calibration factor

Carbon electrodes produced particles with geometrical mean value of diameter
38.107+1.793 nm. After the humidifier the particle size was 41.150+1.768 nm. Particles

were 7.99 % bigger after the membrane humidifier.

Samples before
the humidifier

Samples after
the humidifier

Difference [%]

Geo. Mean [nm]

38.107

41.150

7.99

1.793

1.768

Geo. Std. Dev. [nm]

Table 3: Geometrical mean value of carbon particle diameter. Geometric standard
deviations represent variance among approximately 4 hours of testing.

Concentrations on the humidifier outlet (obtained from SMPS samples) were 31.93
%, 30.18 %, 21.65 %, 24.43 %, 19.51 %, 30.94 %, 37.02 %, 34.14 % and 27.41 %
(28.5845.81 %) lower than on the PG outlet. The mean total concentration measured by
the EEPS was determined as 5,25+1,2 million #/cc.

The dependency of losses on particle diameter is shown in Figure 41. The biggest
losses are for the smallest particles. Nominally 15 nm and 60 % of losses. With increasing
diameter, the losses are decreasing till 30 nm. For particles around 40 nm the losses are

around 40 %. For larger particles the losses are fluctuating around 20-30 %.
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The comparison of full spectrum of the EEPS can be seen in Figure 42. The right

side of the spectrum is almost identical for the EEPS and the samples before humidifier

10%

0%

.

-10%
-20%
-30%
-40%

-50%

Percentage of loses [%)]

-60%

-70%

-80%

10 1000

ey

Diameter [nm]

Figure 41: Dependency of iron particle losses on particle

diameter

from the SMPS. The peak concentration from the EEPS is 1.5 times bigger than for the

SMPS. The peak is also moved slightly to the smaller diameters around 22 nm. SMPS

curves have their peaks around 35-40 nm.
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Figure 42: Comparison of mean particle size
distributions of carbon particles on the EEPS and on
the SMPS. The EEPS was sampling from the PG outlet

Comparison of the same size spectra is shown in Figure 43. By multiplying the

concentration from the SMPS measured during the CPC photometric mode, a plot in

Figure 44 was obtained. In Figure 44 can be seen that the peak of concentration from the
EEPS and from the SMPS only by 0.5E+06 #/cc.
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7.1.5. Comparing Au, Cu, Fe,and C
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Figure 44: Comparison of the same size
spectrum from the EEPS and the corrected
SMPS spectrum

Mean particle size distribution of all elements (Au, Cu, Fe, C) before and after the
humidifier can be seen in Figure 45. Size distribution of gold particles is the only one that

does not have the peak visible. Because of that the difference between the curves before
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Mean particle size distributions from the SMPS.

Concentrations of copper were multiplied by the relative concentration
curve [38]. The samples before humidifier were collected from the PG
outlet, samples after humidifier were collected from the humidifier outlet
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and after humidifier for gold particles is not as significant as it is for iron for example.
Concentration of copper were multiplied by curve “Relative particle concentration”.

The highest concentrations were measured for iron particles; the peak concentration
was around 10”7 #/cc. The largest particles were measured for carbon electrodes.

The trend for gold and copper is that for particles larger than 30 nm concentrations
are very low compared to the smaller particles. For iron and carbon, the particles reach
up to 100 nm before the concentrations start to appear like a zero in the plot.

Losses for all materials are plotted in Figure 46. Some similarities can be seen. For
all materials the losses are decreasing with increasing diameter till around 30-40 nm. Gold
and copper particle losses became unstable for particle larger than 100 nm.
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Figure 46: Losses of particles in percentages for all materials
determined from total concentration on the SMPS

7.2. Losses in the RDD

The resulting file from the EEPS consisted of concentrations in each size channel
during time of the measurement. The EEPS scans every second. The RDD was used in 7
cycles and 7 cycles were chosen from measurements without the RDD for comparison.
Values were averaged through whole cycle and then compared with other cycles. Two of
the 7 cycles were cold start and 5 of them were hot start.

Plot for measurement with the RDD is in Figure 47. The first peak is high
concentration of primarily particles, the second one is made of agglomerates. For particles
bigger than 100 nm the concentration is decreasing. For particles larger than 200 nm the

concentrations are in units of particles per cc.
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Figure 47: Mean particle size distribution for
measurement with the RDD

For measurement without the RDD, the plot is in Figure 48. The primarily particles

are around the same size, 10 nm, but the agglomerate peak can be seen in larger diameters

around 350 nm.
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Figure 48: Mean particle size distribution for
measurement without the RDD

The total concentration was obtained from the provided values from the EEPS.

Those values were averaged through the whole cycle and then compared to the values

from cycle with same type of start (cold-cold or hot-hot). Concentrations with the RDD
(the EEPS was sampling on the outlet of the RDD) were 44.15 %, 51.79 %, 60.50 %,
37.52 %, 60.12 %, 61.64 % and 57.76 % (53.35+9.34 %) lower than when measuring
without the RDD (the EEPS sampling on the outlet of the dilution tunnel).

Dependency of particle losses on particle diameter can be seen in Figure 49. The

highest losses are for largest particles with diameter greater than 100 nm. The losses in
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this area are more than 98 %. For particles with diameters from 80-100 nm the losses are
in positive values up to 20 %. For particles with highest concentration, diameter around

10-15 nm, the losses were at 70 %.
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Figure 49: Particle losses as a function of particle

diameter

8. Portable toxicological incubator

The toxicological incubator of smaller dimensions can be seen in Figure 50. This

incubator has the capacity for four exposure chambers (See Figure 20).

. ‘ ; T

Figure 50: Portable toxicological incubator; [author: Tereza Cervend]
The amount of CO2 needed to ensure 5 % on the cell cultures can be calculated. A
flow of 0,2 Ipm goes through the exposure chamber, therefore 0,01 Ipm of CO- is needed
for 1 exposure chamber. For four rounds of 240 minutes long exposure with four exposure

chambers are therefore needed 38.4 liters of gaseous CO». The density of a gas phase of
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CO; is 1.977 kg/m® [17] which means, that 76.31 grams are needed to complete the
experiments.

A small high-pressure cylinder for food processing industry will be used for easy
manipulation. A high-pressure cylinder with 500 grams of CO> can be seen in Figure 51.
This cylinder is equipped with a valve with a W21,8x1/14" screw thread. The dimensions

of this cylinder are 520x60 mm (length x diameter). [42]

Figure 51: High-pressure cylinder for
500 g of CO2 [42]

A silicon tube with an outer diameter 6 mm and an inner diameter 4 mm will be
used to connect the pressure regulator on the cylinder to the inlet of the incubator. The
regulator allows a simple connection for the silicon tube (see Figure 52). For connection

with sample flow, a “Y” plastic connector will be used.

Figure 52: The CO2 pressure
regulator; (A) connection of the
silicon tube [47]
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Another silicon tube 4/6 mm will be used for connection between the “Y”’ connector
and the heat exchanger inlet. As a heat changer an aluminum tube — EN 573-3 AW 6060
T6, 6x1 mm will be used. The maximum length that will fit in the incubator is 30 cm.

Two heat exchangers are needed, one for the sample and one for reference.

Humidifiers used in both experiments are positioned on laboratory stands
approximately 30 cm tall. This is not a setup that could be used in the portable incubator
because of its size and possible instability during driving tests. Water reservoirs are larger
than needed for 240 minutes experiments across four days. Relative humidity ¢ can be
calculated as follows

¢ =2 ©)

where m is the density of water vapor at relative humidity and M is the density of water
vapor in fully saturated air at a given temperature. M at 37 °C can be found in
thermodynamic tables as 43,92 g/m? [43]. After substitution for $=90 %, it is possible to
get that m=39.53 g/m?® of water vapor.

Th flow through both humidifiers is 1.1 Ipm (four exposure chambers, 0.2 Ipm each,
plus 0.3 Ipm for sampling), for the whole experiment 1.056 m? of air at 90 % relative
humidity will be needed, therefore around 41.74 g of water is needed in total. Water

reservoirs should have a volume of 25 milliliters each.

To achieve the necessary limit of humidity the reservoir needs to be always installed
on top of the humidifier. Since the amount of space in the portable incubator is limited,
the water reservoir needs to be 5 centimeters tall at maximum. Cylindrical shaped
reservoirs with diameter 2.5-3 cm and 5 cm tall will be used.

Humidifiers will be placed in clamps with rubber lining. Inner diameter can be
adjusted by 2 screws from 40 to 45 mm. This clamp is equipped with head with M8 screw
thread. 1ISO 4017 M8-40 mm full thread bolt will be used to hold the clam in place. The
bolt will go through aluminum “T” profile - EN 573-3 AW 6060 T66, 100x60x5 mm and
will be secured with ISO 4032 M8 nut and ISO 7089 M8 plain washer. Both humidifiers
will be installed on one “T” profile. Two plain holes with diameter 8.2 mm need to be

drilled to the “T” profile. Their placement is demonstrated in Figure 53.
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Figure 53: "T" profile with holes for placement of 2 bolts

All necessary parts, needed to assembly the portable toxicological incubator,

including the providers are listed in Table 4.

Name Dimensions Provider Catalog n. | Quantity

CO2 cylinder 500 g Sifos-obchod; available | TLO0500 1
at:
www.sifos-obchod.cz

CO2 regulator | W21/8” lvital; available at: 504 1
www.rostlinna-
akvaria.cz/eshop/

Silicon tube 4/6 mm Gumex; available at: 00017044 | 3 meters
WWW.gUMEeX.cz

“Y” connector | 6 mm Tafimex; available at: 30306 1
www.tafimex.cz

Aluminum 6x1x300 mm Ehlinik.cz; available at: | 194001808 | 2

tube www.ehlinik.cz

Clamp 40-45 mm, M8 Dek; available at: 298K6 2
www.dek.cz

ISO 4017 full | M8-40 mm Obchodprodilnu.cz; 0505106 2

thread bolt available at:
www.obchodprodilnu.cz

ISO 4032 nut | M8 Obchodprodilnu.cz; 0542010 2

available at:

www.obchodprodilnu.cz
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ISO 7089 plain | M8 Obchodprodilnu.cz; 0551010 2
washer available at:

www.obchodprodilnu.cz

Aluminum “T” | 100x60x5 length Ehlinik.cz; available at: | 06-0014 1

profile 150 mm www.ehlinik.cz

Table 4: List of parts that are needed to assembly the prototype of the potable
toxicological incubator

9. Discussion

Losses in an exposure chamber sampling train were determined in two experiments
setups. Losses in the membrane humidifier were examined with the PG and losses in the
RDD were determined with a diesel engine. Losses in the membrane humidifier were also

determined in study [2].

A gasoline engine (Skoda Auto 1.4 TSI, EA211 CHP) was used as a producer of
particles in study [2]. This study determined particle losses on the membrane humidifier
PermaPure model no. FC125-240-5MR with the CPC sampling on the exposure chamber
inlet and the EEPS sampling on the RDD outlet. Particle losses were determined as a
difference between the concentration on the EEPS and the CPC. The EEPS concentration
was corrected to the CPC concentration. The average CPC concentration was 40.3+£2.1 %
lower than the EEPS concentration. Losses were also obtained by comparing the CPC
measured concentrations on the exposure chamber inlet vs. concentrations on the
proportional diluter outlet. Mean particle concentration losses determined by this way
were 36.9+3.8 %.

The losses for carbon particles, when the PG was used, were 28.58+5.81 %. The
result is similar to the one presented in study [2]. Bigger losses in study [2] might be
caused by a longer sampling train, particles might get caught on the walls. Another reason
might be, that the PG generates pure particles with a surface free of any organic materials,
and therefore particles can behave differently, can react differently than the ones from the
ICE. Another reason for the values to vary is that even though that carbon particles are
particles with the highest concentration in the engine exhaust, other particles can also be
present, such as particles from corrosion, or there could be some contamination in the
proportional diluter. After comparing these results, it can be generally stated, that around

1/3 of carbon-based particles are lost in the membrane humidifier PermaPure model no.
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FC125-240-5MR. Particle losses for gold (44.51+7.89 %) and iron (36.69+9.96 %) were
also quite similar to the ones in study [2]. Losses for gold particles were evaluated from
the smallest spectrum. If the whole spectrum was covered, it is possible than the losses
would be different. Since the biggest lost in particle concentration is for the mean value
of diameter, it could be assumed that losses for gold particles would be similar to copper
particles losses. Losses for copper particles were the biggest (68.05+1.42 %), this might

be caused by small particle size (mean value around 10-12 nm).

Iron and copper are stated as one of the components of braking pads in study [32]
and review paper [44]. The iron and copper fibers represent one of the main friction
materials of semi metallic braking pads [44]. Therefore, their inclusion in this master’s
study makes sense because these can have a potentially dangerous effect on human health.
The author is not aware of a way how a vehicle could produce gold particles, but since
gold is very chemically stable element, it can be used as a reference.

In study [2], the mean particle size distribution was measured (Figure 54). A strong
peak at 10 nm can be seen when the EEPS was sampling from the gravimetric sampling
system. The study supposes that a nucleation takes place because the low dilution ratio
causes the strong peak. The second peak for agglomerate particles is not as strong as the

first one. This corresponds to the peak in size distribution measured for carbon particles

in Figure 40.
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The peak in Figure 40 is at around 35-45 nm. This difference is probably caused by
a production of cleaner particles in the PG. Another reason might be that the sampling
train for the experiment with the PG was shorter. In study [2] the sample needed to pass
through multiple rooms with tens of meters of sampling train. With the PG, the sample
only went through a sampling train around units of meters or tens of centimeters long and

therefore did not have enough time to fully agglomerate.

The effect of the engine exhaust was also examined in study [3]. Standard direct
injection gasoline engine, used in Skoda Octavia (Skoda Auto 1.4 TSI, EA211 CHP),
fueled with standard gasoline (BA-95N, Cepro, 4.9% ethanol, 0.3% ETBE, referred to as
E5), was used for producing sample flow. The engine was driven on engine dynamometer.
The sampling ran during the WLTC test. The engine exhaust was examined during cold

and warm start. Engine exhaust was diluted with fresh air with ratio 10:1.

The mean particle concentration was determined from the electrical mobility of
particles (the EEPS, TSI, in diluted exhaust and corrected to DR) and from the
aerodynamic diameter (electrostatic Low-pressure Impactor, Dekati, high-temperature
version running at 160 C, in undiluted exhaust). The mean particle concentration was
determined as 5-8 million of #/cc for the cold start and around 2 million #/cc for the hot

start.

In this thesis, the mean particle concentration of carbon particles determined from
total concentration on the EEPS was 5,25+1,2 million #/cc. The values are more similar
to the cold start test. If the PG must simulate the warm start, some form of dilution would
be necessary to reach smaller concentrations. Only carbon particles are considered for
comparing with real engine exhaust because those represent the major part emitted from

the engine.

The possibility of using the RDD (type MD-19, Matter Engineering, n. 101496,
number of disc: 69090/12/01/36, date 17.9.2013) with the PG was also examined. A
problem with the RDD occurred during the experiment. A layer of particles was found
after disassembling the RDD (See Figure 55 before cleaning and Figure 56 after). The
RDD disc might be damaged because of that. Due to this fact, the question if RDD can
be used in this setup arises. It is not clear if the particles accumulated during the

experiment with the PG or during the previous experiment with the engine.

56



Figure 56: Parts of the RDD after cleaning

Concentrations with the RDD measured by the EEPS in chapter 7.2 are averaged
over the whole cycle WHTC. For the EEPS, the detectable limit is around 10° (#/cc) for
a particle size 7 nm (see Figure 57). Average concentrations in Figure 47 are very low
(peak is around 1000 #/cc) when compared to the detectable limit. It is safe to assume

that a lot of values were below the detectable limit. Losses calculated from these values
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were around 50%. The final losses are 5 times bigger than in study [45] or user manual
[40].
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Figure 58: Engine exhaust particle distribution at various dilution
ratio for the Single-Stage TSI diluter [45]

Particle losses in multiple aerosol diluters were estimated in study [45]. The single-
stage and the two-stage TSI 379020A rotary disk thermo/diluters and Dekati FPS-4000
ejector were used. Particles were generated from a Tier 1 direct injection, turbocharged,
water-cooled Cummis CI engine. The engine was operating in stabilized condition at
mode 9 of the ISO 8178 test (1400 rpm, 25 % load). The EEPS and FMPS (Fast mobility
particle sizer) were used for analysis of particle concentration upstream and downstream
of the diluters. Results for single-stage TSI diluter can be seen in Figure 58. Particles
smaller than 30 nm were lost during the dilution process. Concentrations of particles
larger than 30 nm were stable with 99.7 % confidence. From the difference between the
black (undiluted) curve and the diluted curves, it can be said that undiluted concentrations
were about 10 % higher than undiluted concentrations.

Study [45] determined particle concentrations in undiluted exhaust. Concentrations
for particle size around 100 nm were around 120 000 #/cc. Values for particles smaller
than 30 nm were determined with higher deviation with mean values around 11 000 #/cc.
In this thesis (Figure 48), particle concentrations for particles larger than 100 nm were
determined as 90 000 #/cc, for particles around 10 nm it was 110 000 #/cc. While the
difference in larger particles is not as big (30 000 #/cc), for smaller particles it is quite
significant — one order higher. This difference is caused by a particle agglomeration of

small particles.
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Figure 59: Engine exhaust particle penetration
corresponding to the primary dilution air temperature for
the single-stage TSI diluter [45]

Experiments with a rotation disc thermodiluter were also carried out in study [45].
Particle penetration can be seen in Figure 59. A gain in particle concentrations can be
observed in area around 30-70 nm when the heating was turned off. But even with heating
turned on there can be found values above a 100 %. The increase in particle concentration
can be seen in Figure 46 and Figure 49 in this thesis. Only copper and iron particles show
this phenomenon in Figure 46, in area with diameters around 50-100 nm. In Figure 49 the

increase for engine exhaust particles is from 80 to 150 nm.

For particles larger than 50 nm, the particle penetration was determined around 80-
98 % [45]. In this thesis particle losses in the RDD were determined as 53.35+9.34 %.
The reason for this is that concentrations downstream of the RDD were below the EEPS
detectable limit. The EEPS evaluated these concentrations as 0 and the average

concentration was reduced.

Mean atmospheric particle concentrations in traffic impacted area were determined
in study [46]. Mean particle number concentrations close to the traffic intersection and
on the sideroad were 48 to 180 thousand #/cc depending on the weather. Mean
concentrations in the park with no vehicular influence were determined as 8 750 #/cc on
cold days and around 30 000 #/cc on hot days. Those values are several orders higher
than values measured with the RDD in the chapter 7.2.

New setup for the membrane humidifier is described in chapter 8. In this setup two
membrane humidifiers are installed on one aluminum “T” profile. This will ensure
stability. The humidifier is necessary to obtain sufficient humidity to simulate the

environment in human lungs.
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10. Conclusion

Due to the increasing air pollution, knowing its effects on human body is key to
understand how to protect and how and why to reduce emission production. The portable
toxicological incubator is needed to examine effect of engine exhaust in real time and
real-life situations to cells. The air-liquid interface is now commonly used method to
examine effect of aerosol samples on cellular cultures. This thesis reviews composition
of the vehicular exhaust as well as mechanism of formation of exhaust gases and particles,
losses in the exposure chamber sampling train, and design of the portable toxicological
incubator.

Experiments to determine losses in the membrane humidifier PermaPure model no.
FC125-240-5MR were done with the particle generator VSP-G1. The membrane
humidifier is needed to maintain 80-95 % relative humidity. Concentrations were
measured by the scanning mobility particle sizer with condensation particle counter. Size
distribution and particle concentration were obtained from these instruments. Losses were
determined as a difference between total particle concentrations upstream and
downstream from the humidifier. Those losses were determined as 44.51+7.89 % for
gold, 68.05+1.42 % for copper, 36.69+9.96 % for iron and 28.58+5.81 % for carbon.
Concentrations upstream of the humidifier were compared to concentrations measured by
the engine exhaust particle sizer sampling from the same spot. Biggest particles were
measured for carbon with geometric mean value of diameter 38.1+1.8 nm upstream of
the humidifier and 41.2+1.8 nm downstream of the humidifier. Smallest particles were
generated for gold with mean value of diameter around 10 nm which was obtained by the
EEPS, because the SMPS was set up to measure particles above 14 nm.

Losses in the rotation disc diluter type MD-19, Matter Engineering, n. 101496,
number of disc: 69090/12/01/36 could not be sufficiently determined. The diluter was
connected to a dilution tunnel, which was maintaining constant volume sample from
diesel engine lveco Tector. Particle concentrations measured from the diluter outlet were
lower than atmospheric concentration. Determined losses were around 50 %, which is
about five time more than assumption.

It was shown that particle losses depend on a particle size. The biggest losses are
for particles smaller than 30 nm. Concentrations downstream of the humidifier for particle

sizes 80-100 nm are higher than concentrations upstream. This can be caused by
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condensation or agglomeration. For particles bigger than 100-200 nm concentrations are
unstable and not reliable.

To ensure a constant volume sample the exhaust needs to be diluted. Traditional
diluters (such as dilution tunnel) are big and are not suitable for on-board measuring. The
rotating disc diluter could be theoretically sufficient but other tests are needed to ensure
that the RDD will not be clogged.

A small CO> cylinder will be part of the portable toxicological incubator. It was
calculated that 500 g of CO> will be sufficient to complete experiments. Small size and
low weight allow easy manipulation. As stated above humidifier is crucial to maintain
humidity in the exposure chamber. Two membrane humidifiers will be mounted to the
aluminum “T” profile to ensure their stability during driving tests. Water reservoirs will

be replaced with smaller ones with 25 milliliters volume.
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Appendix

Total particle | Total particle
concentration |concentration
before after
humidifier humidifier
[#/cc] [#/cc]
593730 257208
554006 254311
506401 253492
581674 257091
528863 299732
561085 269957
475613 268499
522370 278706
542781 317849
517068 292732
438845 276360
470604 310421
505604 299228
427718 294495
476220 295853
Mean [#/cc] 513505.4667 | 281728.9333
Standard deviation [#/cc] 47528.4998 | 20576.19234
[%] 9.26% 7.30%

Table 5:Total concentrations of gold particles measured by the SMPS

Total particle | Total particle
concentration |concentration
before after
humidifier humidifier
[#/cc] [#/cc]
478502 151518
464280 141326
409911 138845
503197 160174
Mean [#/cc] 4.64E+05 1.48E+05
Standard deviation [#/cc] 3.42E+04 8.50E+03
[%] 7.37% 5.74%

Table 6: Total concentrations of copper particles measured by the SMPS




Total particle | Total particle
concentration | concentration
before after
humidifier humidifier
[#/cc] [#/cc]
4.04E+06 2.21E+06
4.73E+06 3.51E+06
6.45E+06 3.90E+06
4.66E+06 3.70E+06
5.85E+06 3.08E+06
5.01E+06 2.94E+06
4.42E+06 2.69E+06
4.34E+06 3.22E+06
5.15E+06 2.81E+06
Mean [#/cc] 4.96E+06 3.12E+06
Standard deviation [#/cc] 7.23E+05 5.00E+05
[%] 14.57% 16.03%

Table 7: Total concentrations of iron particles measured by the SMPS

Total particle | Total particle
concentration | concentration
before after
humidifier humidifier
[#/cc] [#/cc]
3.43E+06 2.34E+06
2.99E+06 2.08E+06
2.70E+06 2.12E+06
2.81E+06 2.12E+06
2.77E+06 2.23E+06
2.80E+06 1.93E+06
3.30E+06 2.08E+06
3.08E+06 2.03E+06
2.77E+06 2.01E+06
Mean [#/cc] 2.96E+06 2.11E+06
Standard deviation [#/cc] 2.45E+05 1.13E+05
[%] 8.27% 5.39%

Table 8: Total concentrations of carbon particles measured by the SMPS



