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Abstract
In this thesis, aerosol produced by the combustion of hydrocarbon fuels is examined. Impaction measurements of particles of a selected mobility diameter
are presented. These experiments are conducted with the aim of learning more
about the morphology of diesel combustion nanoparticles, by determining a number describing a global attribute of their complex geometry. This number is the
fractal-Iike dimension (df ) . Particles from a diesel engine, with mobility diameters ranging from 55 up to 260 nm, are investigated at various engine loads. The
fractal-like dimensions range from 2.1 to 2.9 depending on the engine load. Similar measurements are performed with a spark-ignition engine and yield values
of 2.2 or 3.0 depending on how the particles are conditioned.
To better understand the process of nanoparticle formation, the evolution of
the size distribution in a regular and in a ferrocene (Fe(CsHsh) doped laminar
diffusion flame is observed. By impacting particles of a selected size, it is possible
to calculate their mass. As their size is preselected, the density (p), and via df
the morphology of particles sampled from the laminar diffusion flame is found.
Various fuels are used in an attempt to quantify their influence on the combustion
process. In the case of methane (CH 4 ) the flame is doped with ferrocene, a well
known additive. The data acquired from the doped flame supports previous
studies with ferrocene and enables a furt her refinement of the theory.
Measurements with different diesel engines and fuel additives permit a characterisation of a diesel engine aerosol under the influence of fuel additives. Combined with chemical analysis and gravimetry, a clear picture of the size range and
composition of the emitted particles is obtained. Emission factors computed by
gravimetry and coulometry correlate well, A strong correlation is found between
the additive concentration needed for the formation of metal oxide particles
(stemming from the oxidation of the additive) and the emission factor of the
engines. It provides a means for optimising the additive dosage needed to operate self-regenerating diesel exhaust traps.
To find out how much aerosol from internal combustion engines finds its way
into buildings, indoor and outdoor concentrations of airborne fine particles from
combustion are measured during periods of 24 hand with a time resolution of
10 s. With those time-series, the ventilatory air exchange rate of different rooms
is computed using a novel approach to the solution of the mass balance equation.
IX

x

ABSTRACT

To account for the initial non-homogeneous distribution of the pollutants in the
rooms, a "mixing time" parameter is introduced. It is demonstrated that the
method can be used to determine the impact of health-relevant outdoor nanoparticles on the indoor particle concentration. Information on the air circulation
in the building can be extracted, which is crucial for dimensioning air conditioning
systems.

Zusammenfassung
In dieser Arbeit werden Messergebnisse der Masse und Dichte von Nanopartikeln,
die durch einen Verbrennungsvorgang entstanden sind, vorgestellt. Es wird die
Morphologie der Aerosolpartikel, durch die Bestimmung ihrer fraktalähnlichen
Dimension (df ) hervorgehoben. Partikel mit Radien zwischen 55 und 260nm
werden bei verschiedenen Belastungen eines Dieselmotors untersucht. Die berechneten fraktalähnlichen Dimensionen variieren zwischen 2.1 und 2.9, abhängig
von der Motorlast. Messungen an einem Ottomotor ergeben Werte von 2.2 oder
3.0, abhängig von der Konditionierung der Nanopartikel.
Um den Prozess der Entstehung der Nanopartikel besser zu verstehen, wird
die Evolution der Grössenverteilung in einer gewöhnlichen und einer mit Ferrocen
(Fe(CsHsh) versetzten laminaren Diffusionsflamme beobachtet. Indem Partikel
mit bestimmten Mobilitätsdurchmessern selektiert werden und durch Impaktion deren Masse gemessen wird, kann die Dichte der Partikel berechnet werden.
Mit dieser Information und dem daraus berechneten d f ist es möglich, die Morphologie und Entstehung der Nanopartikel in einer Flamme zu rekonstruieren.
Anhand von Messungen mit verschiedenen Brennstoffen erhält man eine Aussage
über deren Einfluss auf den Verbrennungsvorgang. Für Methan (CH 4 ) wird die
Flamme mit Ferrocen, einem bekannten russminderndem Additiv versetzt. Die
gemessenen Daten sind mit früheren Messungen der Ferrocenwirkung kompatibel
und erlauben eine weitere Verfeinerung der Theorie.
Messungen mit verschiedenen Dieselmotoren und Treibstoffarten mit unterschiedlichen Additiven werden benutzt, um die von den Motoren emittierten Partikel unter dem Einfluss der Treibstoffadditive zu charakterisieren. Kombiniert
mit einer chemischen und gravimetrischen Analyse der Emissionen ergibt sich ein
klares Bild der Grössenverteilung und Zusammensetzung des Aerosols. Die gravimetrisch und coulometrisch bestimmten Emissionsfaktoren korrelieren gut. Die
Additivkonzentration, welche das Erscheinen von Metalloxidpartikeln (die durch
die Verbrennung des Additivs entstehen) im Abgasstrom zur Folge hat, korreliert stark mit dem Emissionsfaktor der Motoren. Mit dieser Information kann
das Additiv optimal dosiert werden, so dass selbstregenerierende Dieselabgasfilter
wirtschaftlich möglich werden.
Aerosol, welches durch Verbrennungsvorgänge erzeugt wurde, kann in Gebäude eindringen. Um genauere Werte über die Partikelbelastung von Räumen herXl
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ZUSAMMENFASSUNG

auszufinden, wird die Konzentration von Verbrennungsaerosol-Nanopartikeln, innerhalb und ausserhalb von Räumen, über 24 Stunden mit einer Auflösung von
10 s gemessen. Mit diesen detaillierten Zeitreihen kann die Luftaustauschrate verschiedener Räume berechnet werden. Die Rechnung basiert auf einer neuen Idee,
wie die Massengleichgewichtsgleichung gelöst werden kann. Ein "Mischzeit" Parameter wird eingeführt, er erlaubt, die inhomogene Verteilung der Luftschadstoffe in den Räumen zu berücksichtigen. Es wird gezeigt, dass diese Methode
geeignet ist für die Abschätzung des Einflusses von gesundheitsrelevanten Nanopartikeln in der Umgebungsluft auf die Partikelkonzentration in einem Gebäude.
Dies ermöglicht den Schutz, den ein Gebäude gegenüber Luftschadstoffen bietet,
zu quantifizieren. Die ermittelten Luftaustauschraten gewinnen darüberhinaus an
Wichtigkeit für die Dimensionierung von Klima- und Gebäudebelüftungsanlagen.

Chapter 1

Introduction
The subject of this thesis is carbon nanostructures, as produced by a multitude of
human activities. Driving a vehicle, burning coal or lighting a candle, all produce
particles with a size varying from a few nanometres, up to a few tenths of a
micrometer. A lively discussion is going on over the toxicity of aerosol particles.
Ways are sought to reduce the particle emissions from vehicles, since combustion
generated particles account for the bulk of the man-made particulates in the
air of our cities. On the other hand carbon blacks produced by combustion of
fossil fuels serve a multitude of purposes. Tires are made from carbon black.
The newspapers we read every morning would be un-feasible (or much more
expensive) without the existence of carbonaceous aerosols.
A more romantic source of combustion particles is a simple candle flame.
It is a light source used for at least 3500 years, as excavations at Acrotiri in
Santorini and elsewhere show, and the flame is still not fully understood. From
the Acrotiri oil lamp to modern-day candles, the rich soft glow produced by hot
nanoparticles poses achallenge to the human mind. The flame's complexity is
such, that Faraday, fascinated by what he observed when he sampled aerosol from
a candle flame, suggested that no less than the complete knowledge of physics
and chemistry is needed in order to explain the candle flame (Faraday, 1861).
One hundred and fifty years later it is known that carbonaceous particles formed
by combustion contain a significant amount of polycyclic aromatic hydrocarbons,
whose mutagenic and carcinogenic potential is well known. How these substances
interact with their environment is determined to a good extent by the host particle
shape.
In chapter 2, an experiment is designed to investigate the morphology of
diesel soot nanoparticles. A description of the particles with one parameter,
the fractal-like dimension (dj ) is attempted. For nanoparticles the quantities
of length and density have to be redefined, as the particle shape renders the
traditional definition of these quantities useless. The particle shape is crucial in
order to estimate the surface presented to atmospheric chemieals, or to the lung's
macrophages. For the former, the larger the surface, the more chemical reactions
1
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(some of which are essential for atmospheric chemistry) can take place; for the
latter, a high surface area means a high exposition to harmful chemicals, possibly
leading to an immune system overload.
Chapter 3 deals with an aspect of combustion which has often been discussed,
but only very recently measured in detail. The idea is that one can influence the
nanoparticle growth in the combustor by adding a small quantity of a catalytic
compound. This compound is reused many times in the flame, eliminating significantly more particulate matter than its own weight. For this experiment, a
laminar diffusion flame (very similar to our candle) is doped with ferrocene. Ferrocene is a rion-toxic organometallic substance, consisting of two 5-carbon rings
which encapsulate an iron atom. Measuring the mass by impaction, and knowing
the mobility diameter ofthe particles, a density can be ca1culated. From this, the
action mechanism and the distribution of the iron in the system can be deduced.
The management of diesel engine emissions is the topic of chapter 4. Two very
different diesel engines, a 105 kW construction site engine and a 3 kW electrical
power generator are operated with fuels containing different additives with varying concentrations. While a certain reduction of the soot ernission is observed
if an additive is added to the fuel, a further increase of its concentration does
lead to the formation of metal oxide particles stemming from the oxidation of
the additive compound in the engine. These particles are very small, of unknown
toxicity, and penetrate deeply into the lung. Therefore, while with the additive self-regenerating diesel filters become feasible, the additive dosage must be
controlled, to avoid producing a potentially more dangerous species of particles.
In the last chapter an experiment is designed to determine the air exchange
rate of a room. Combustion nanoparticles are found in our cities, and consequently in working places and houses. As new particles are emitted, others are
eliminated from the atmosphere by coagulation and impaction. The daily variation of theparticle concentration sterns mainly from trafiic. The air exchange
rate of a room can be computed if we can measure the particle concentrations
inside and outside the room. The investigations show that the models must be
extended by a parameter describing the time needed to achieve a homogeneous
mixing of the gas volume in the room. The new method is versatile, making it a
true alternative to the standard techniques.

Chapter 2

The Morphology of Diesel
N anoparticles
2.1

Abstract

Measurements with a low-pressure impactor and a differential mobility analyser
are cond ucted in order to determine the fractal-like dimension (df) of diesel soot
particles. Particles with mobility diameters ranging from 55 up to 260 nm are
investigated at various engine loads. The resulting fractal-like dimensions ranged
from 2.1 to 2.9 depending on the engine load. Similar measurements are done
with a spark-ignition engine and yielded values of 2.2 or 3.0 depending on how
the particles are conditioned.

2.2

Introduction

In the past years numerous studies, (Charalampopoulos and Chang, 1991; Zhang
et al. , 1988; Faeth and Köylü, 1995), were conducted in order to characterise
soot particles according to their fractal-like dimension. The different studies
either use light scattering or various electron microscopy techniques to extract
information regarding the agglomerate structure of soot particles. The particles
are examined in situ, or aged aerosol is used for microscopy techniques. Both
the size of the primary particles as well as the fractal-Iike dimension are measured. Most experiments are done using model fiames. Few try to measure the
fractal-Iike dimension of soot particles from combustion engines. Even if they do
measure the fractal-like dimension, as (Klingen and Roth, 1989) do, the results
can by no means be compared to the results obtained by light scattering, since
the fractal-like dimension can vary with the particle size as noted in (SchmidtOtt et al. , 1990; Samson et al. , 1987). This is due to soot not being an ideal
mathematical entity which would imply a well-defined fractal dimension over infinite orders of magnitude. Another factor is the different aggregation regimes
3
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in which the soot particles agglomerate before they are measured. This can
have an infiuence on the fractal dimension. For example, particles can agglomerate ballistically or by diffusion limited aggregation, depending on the carrier
gas temperature. The resulting fractal dimensions are different for the different
models, namely 1.95 for the ballistic model and 1.80 for the diffusion limited aggregation (DLA) model in the case of cluster-cluster aggregation; and 3.00 and
2.50 respectively for monomer-cluster aggregation. The models describing the
agglomeration process are first presented in (Witten and Sander, 1991) as well as
(Meakin, 1983; Kolb et al. , 1983) and are successful in describing the structure
properties of soot particles. Their key result used in this paper is that the number
of primary particles (N) is proportional to apower of the gyration radius Rg of
the agglomerate. The theory is extended in (Schmidt-Ott et al. , 1990) so that
with the assumption of a constant primary particle mass, equation 2.1 holds :
(2.1)
Where NIp is the particle mass, Dm is the mobility diameter and df is the
fractal-Iike dimension. Thus, the mass of soot particles does not scale with D~
like the mass of a sphere would, but with
Due to experimental constraints
the measured values for df cannot exceed 2.0 if one uses microscopy techniques,
and df cannot be below 2.0 in the free molecular regime when using the mobility diameter (Schmidt-Ott et al. , 1990). For a df which is lower than 3.0, the
density of the particle p decreases as its diameter D p increases. In this paper
the fractal-like dimension of diesel soot as well as spark-ignition engine soot agglomerates is examined. The resulting numbers are compared to each other and
possible explanations for their values are proposed.

D;;r,.

2.3

Experimental Setup

To conduct the measurements, a diesel electrical power generator from Yamaha
(Model EDA 4700T, manufactured in 1987) is used. Loads up to 3.3 kW can
be attained. The power is fed into the local power network, in order to provide
a well-characterised load. The exhaust aerosol is diluted with a dilution ratio
of about 1:10 with dry, heated air. In order to avoid restructuring due to the
presence ofwater, as described in (Weingartner et al. , 1997), the diluted aerosol is
dried in a diffusion drier containing silica gel, while it still has a temperature well
over 400 K, (see Fig. 2.1). To eliminate the diesel motor pulsations, a membrane
pump and an in-series 51 container are used. The container has an open end at
atmospheric pressure, through which dry, particle-free air can enter, to make the
total fiow out of the container 2ljmin.
Next, the particles pass a thermo-denuder operating at 700 K. The thermodenuder consists of two stages, one where the aerosol is heated, thus forcing the
volatile fraction of the particles into the gas phase, and a second stage where

2.3.
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Filter
Denuder
Dilution

Dryer

RH

monitor

DAQ t--------LJ"-----,

Electrometer
Figure 2.1: The experimental setup.

the aerosol passes through a water cooled cylinder with activated charcoal which
absorbs the organic compounds that are in the gas phase. The thermo-denuder
is used selectively, in order to measure the difference between untreated and
denuded particles. In order to select a certain mobility, after ensuring that the
relative humidity does not exceed 60%, the aerosol is led through a diffusion
charger and a differential mobility analyser (DMA) operating with a fiow of 2
and 20 l/min, aerosol and sheath air respectively. With the DMA particles of a
certain mobility are selected. The aerosol fiow out of the DMA is split into two
fiows, one leading to an inertiallow-pressure impactor, the second to a reference
electrometer. The low-pressure impactor is described extensively in (Schleicher
et al. , 1995; de la Mora et al. , 1990).
To ensure that the impactor is operating in the subsonic fiow regime the
pressure before and after the impactor nozzle is monitored. The impaction plate
is connected to an electrometer, so that the number of impacting particles can
be observed. The pressure and electrometer readings are then registered by a
computer which also controls the DMA voltage.
Similar measurements are done with a spark-ignition (s.i.) engine power
generator from Yamaha (Model EF600, manufactured in 1985) with a nominal
power of 600 W. Since the air-fuel ratio, A, of a s.i, engine varies only very
little over the load range, a constant load of 300 W is selected. Both leaded and
unleaded gasoline is used. The only difference as compared to the diesel engine
setup is that an agglomeration chamber is installed before the thermo-denuder,
so that the original particles, as well as particles which are allowed to agglomerate
additionally for up to one minute, can be studied. The fractal-like dimension of
the soot particles is measured for both of the above cases.

6
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Results and Discussion

As long as the low-pressure impactor is operating in the subsonic regime the
Stokes number accurately describes the physics of the impaction (de la Mora
et al., 1990):

0.178ppDmTng . c~
(2.2)
PB' d~
where Pp is the density of the soot particles, Dm the mobility diameter of the
particles, Tn g is the aerosol mass flow rate through the impactor, Co the velocity
of sound, Po the pressure before the impactor nozzle (upstream pressure) and dn
is the diameter of the impactor nozzle. Since the critical Stokes number Stk 50
of an impactor is independent of particle size and mass, the impactor yields the
mass of the impacted particles if the mobility of the particles, as measured by
the DMA, is known.
Stk

2.4.1

=

Calibration

To calibrate the impactor, dioctyl sebacate oil droplets are used. This oil has a
density of 912 kg/m 3 and a very low volatility. The droplets are created out of
a DOS oil solution in methanol and have to be treated with a thermo-denuder,
as described by (Schleicher et al. , 1995), at a temperature of 500 K in order to
consist of pure DOS oil. Since the oil droplets are spherical and everything else
is measured, the critical Stokes number, Stk 50 is computed with equation 2.2. It
is computed for different DMA mobilities using the pressure value at the point
where 50% of the particles are impacted. The Stk 50 number obtained this way is
0.089±0.004 which agreed within 7% with earlier calibrations of the Iow-pressure
impactor (Künzel, 1994).

2.4.2

Performance Test of the Thermo-denuder

If the thermo-denuder does not absorb the volatile substances set free from the
particles, those substances can re-condense on the particles resulting in false df
measurements. In order to test the thermo-denuder (TD) it is placed between
two DMAs, and the particle diameter is measured before and after the aerosol
particles pass either through the thermo-denuder or through a bypass. The
results can be seen in Table 2.1. Assuming a density of the volatile fraction (VF)
of ab out SOOkg/m3 and of the black carbon core (BC) of 1500kg/m3 , the mass
ratio BC/TM can be computed, where TM is the total mass of the particles. It
can be seen from Table 2.1 that the values of BC/TM are in good agreement
with the results of (Steiner, 1993). The density of the carbon core is asserted
to be 1500 kg/m 3 in order to account both for the non-graphitic structure of
soot, (Schleicher et al. , 1995), as well as the fact that agglomerates with df = 3
exhibit a lower density than the corresponding bulk material, (Weber et al. ,

7
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Table 2.1: Particle diameter before and after the thermo-denuder, for two Dm
and different engine loads. The
ratio denotes the mass ratio of black carbon
to the total mass.

:.z.

Load

lkW]
0
1
2

Diameter [nm]
before after
66.1
48.3
170
123
66.6
60.1
175
169
68.0
66.4
176
175

~g

[]

0.54
0.53
0.84
0.94
0.96
0,99

1996). From this the conclusion that the thermo-denuder works correctly is
reached. The thermo-denuder totally removes the volatile organic substances
from the particles.

2.4.3

Diesel Engine Measurements

Each diesel data set consists of several impaction curves, measured under constant
engine load. Data sets are acquired both with and without the thermo-denuder,
and for engine loads between 0.0 kW and 2.5 kW. The engine load is increased
in 0.5 kW steps.
Before and after the acquisition of a data set the particle size distribution is
measured to ensure that the engine behaviour does not change over the 5 hours
needed to complete a data set. An example of the resulting distributions can
be seen in Fig. 2.2. A shift of about 10 nm/kW in the mode of the number
distribution ofthe particle diameter is observed, in accordance with (Leonardi
et al. , 1990), as the load is increased. This is the expected behaviour, since the
engine pro duces more sootparticles at high loads, which leads to fast er particle
agglomeration, shifting the size distribution to larger diameters.
Impaction curves are obtained for different particle mobilities selected by the
DMA voltage. From these mobilities the diameters for the single and double
charged particles are calculated. The impaction curves are fitted with an empirical fit function which accounts for the double charged particles. In this way, the
usable DMA range is extended to diameters up to 270 nm. To ensure that the fit
gives sound results for the double charged particles, the expected Po for the double
charged particles is calculated using equation 2.2 from the fitted Po for the single
charged particles and compared to the fitted Po for the double charged particles.
The difference between the two values is never over 11 % of the calculated Po of
the double charged particles.

8
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Figure 2.2: Diesel combustion partiele size distribution at 1.0 kW, befare (.) and
after (0) measuring a data set. A small shift towards larger partiele diameters
with time can be seen.

An example of an impaction curve with the appropriate fit is shown in Fig.
2.3. From the impaction data the partiele mass is computed. According to
equation 2.1 the fractal-Iike dimension is equal to the slope of the Mp(Dm ) curve
in a double logarithmic plot. An example of such a double logarithmic plot is
given in Fig. 2.4. Two such data sets are measured for different engine loads, one
with the untreated partieles and one with the thermo-denuder treated partieles.
In this way Fig. 2.5 is obtained for the single charged partieles (55-170 nm
diameters). The standard deviation of df as determined by linear regression is
in the (J = 0.15 range for all measurements. The same evaluation yields Fig.
2.6, for the double charged partieles (84-270 nm diameters). As can be seen from
Fig. 2.5 and 2.6 the fractal-like dimension for both single and double charged
partieles is elose to 3.0 for low engine loads and decreases with increasing load. A
possible explanation for this behaviour is that as the load increases the air-fuel
ratio (A) decreases from about 6 at 0.0 kW to under 2 at full load. The result
is that an order of magnitude mare primary soot particles are produced at high
loads. Directly after the combustion chamber there are very high concentrations
of primary partieles combined with high temperatures. The mean free partiele
path Ap is given by equation 2.3, as shown in appendix A.l:
2

32 l'J:in dm (1
A V <-IIOp
p 157fvm

+ v'2pn:kTd2

rn

-055 V2prrd;"D p

D
P

(2.514 + 0.8e·
Dp

kT

))

(23)
.
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Figure 2.3: Combusted diesel particles impaction curve and the corresponding
fitted curve. The fitted curve is the linear superposition of two tangential hyperbolic functions, one for the single charged and one for the double charged
particles.
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Figure 2.4: Double logarithmic plot of the particle mass vs. the mobility diameter
for non thermo-denuded diesel soot particles (55-270 nm diameters) at an engine
load of 0.5 kW. The slope of the line is the fractal-Iike dimension.
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The first particles agglomerate ballistically since their mean free path is much
larger than their diameters (see Fig. 2.7). This results in compact aggregates
with fractal-like dimensions elose to 3.0. In (Weingartner et al. , 1997) transmission electron microscopy graphs of soot particles from the same diesel engine are
presented which also showed a compact structure at low loads corroborating this
result of high df. Similarly, (Weber et al. , 1996) found high values for df in the
case of small silver agglomerates, due to ballistic monomer-cluster agglomeration. As the aerosol temperature decreases and the agglomerate size increases,
diffusion limited aggregation becomes important. High particle concentrations
at high loads mean a faster evolution of the particle distribution, resulting in an
earlier formation of aggregates through cluster-cluster aggregation. At lower temperatures serni-volatile compounds begin condensing onto the aerosol particles.
This condensation partially offsets the drop of the fractal-Iike dimension due to
the diffusion limited aggregation. At high engine loads the fractal-like dimension
is close to the theoretical minimum that can be achieved by the low-pressure impactor (i.e. df = 2.0), indicating that in this regime, cluster-cluster aggregation
dominates.
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2.4.4

Spark-ignition Engine Measurements

There is no difference in the fractal-Iike dimensions of leaded and unleaded gasoline. When thermo-denuding the soot particles produced by the leaded fuel
at 500 K, an increase of the particle density of up to a factor of 2 (relative to
the thermo-denuded particles produced with unleaded fuel) is observed. The
resulting fractal-like dimensions can be seen in Fig. 2.8. Contrary to what is
expected, the fractal-like dimension of the soot particles increased from 2.75 for
the non-agglomerated to 3.0 for the agglomerated particles. The contradiction
can be resolved by considering that a s.i, engine emits a much higher fraction
of volatile compounds than a diesel engine, which can easily condense onto the
soot particles in the agglomeration chamber. The compounds do not settle on
the particles earlier, because the temperature is too high.
To check the validity of this model the soot particles are led through the
thermo-denuder at a temperature of 650 K. The thermo-denuded particles have
a df of 2.2 while the non thermo-denuded have a df of 3.0. The size distribution
for the two experimental setups can be seen in Fig. 2.9. The fact that the size
distribution peak of the thermo-denuded particles is higher than the peak of the
non thermo-denuded particles is explained by the width of the latter distribution,
since the total particle number remains constant. This change in the width of
the size distribution can be explained by considering that the deposition rate of
the volatile compounds is governed by the Fuchs surface of the particles. Thus
larger particles grow to a greater extent resulting in a widened size distribution.
The volatile compounds condensing onto the s.i. engine soot particles could
initiate a restructuring process, as described for water by (Weingartner et al. ,
1997). This result indicates that the volatile compounds do not force a restructuring of the s.i. engine soot core towards more compact primary particle packing,
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since it would imply that the thermo-denuded particles would have a fractal-like
dimension greater than 2.2. Considering the experimental error, this result is
comparable to the fractal-like dimension of diesel soot at 1.5-2.0 kW, i.e. at
about 50% of the maximum load.

2.5

Summary

As the measurements with the low-pressure impactor show, diesel soot agglomerates with particle diameters between 55 and 260 nm have a d f which is close
to 3.0, for low engine loads, and decreases with increasing engine load. Thus
in the case of low engine loads the agglomeration process is mainly governed
by monomer-cluster aggregation which is corroborated by calculations of the
mean free path of the particles in the temperature regime immediately after the
engine. For engine loads cluster-cluster aggregation significantly competes with
monomer-cluster aggregation, lowering the fractal-like dimension to about 2.0 in
this regime.
The present results do not contradict the fractal-like dimension reported by
(Leonardi et al. , 1990). The total mass measured by Leonardi et al. is dominated
by large particles, while the contribution of small particles is diminished. As
mentioned above, the large agglomerates form in a regime where cluster-cluster
aggregation prevails and therefore have a low dI:
The results from the s.i. engine measurements are interpreted by soot particles having a core of black carbon which is immersed in semi-volatile material
resulting in a df close to 3.0. Thermo-denuded particles have a low fractal-Iike
dimension of 2.2 which suggests that volatile hydrocarbons do not induce a re-
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structuring of the carbon core, as is shown (Weingartner et al. , 1997) far water
and soot particles at a relative humidity over 60%. The reason for their different
behaviour is presently unknown.
We have seen that for the diesel engine one can deduce information on the
operational state by looking at the shape parameter of the emitted nanoparticles.
Perhaps particles farmed in other combustion processes can characterise aspects
of these systems. To test this assumption we turned to a different system, a
laminar diffusion flame. With its stability and ease of handling it is ideal for such
an investigation. The idea is to examine the particles at various temperatures
and conditions in the flame.

Chapter 3

Density of Particles Sampled
from a Laminar Diffusion Flame
3.1

Abstract

The evolution of the particle size distributions in a regular and in a ferrocene
(Fe(CsHsh) doped laminar diffusion flame are measured with a scanning mobility
particle sizer. Measurements with a Iow-pressure impactor and a differential
mobility analyser allow the determination of the density (p) and the fractal-like
dimension (df ) of particles sampled from the laminar diffusion flame. Various
fuels are used and in the case of CH 4 the flame is doped with ferrocene. In all
cases the particle densities are low, typically below 700 kg/m 3 . The data acquired
from the doped flame supports previous studies with ferrocene and enables a
furt her refinement of the theory.

3.2

Introduction

Many studies on the properties of soot particles in flames focus on the fractal-like
dimension of the produced particles. Light scattering (Lu and Sorensen, 1994;
Charalampopoulos and Chang, 1991; Zhang et al. , 1988) and microscopy techniques (Zhang and Megaridis, 1996; Zhang et al. , 1988), both employed widely,
provide structural information ab out the particles. Little (Wu et al. , 1997;
Schleicher et al. , 1995) is known about the densities of the soot particles, except that they are lower than or equal to the bulk densities of the same material.
The low densities are due to the morphology of the aerosol particles. Lacking
better density values, numbers between 1200 kg/m 3 and 2000 kg/m 3 are used
whenever the density of soot agglomerates is needed (Wu et al. , 1997; Dobbins,
1997; Schleicher et al., 1995). With this approach, a density for soot particles in a
model flame can be measured, while at the same time determining the fractal-like
dimension of the particles. Soot particles are modelled as agglomerates of primary
15
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particles as described by (Kolb et al., 1983; Meakin, 1983). The theory is extended by (Schmidt-Ott et al. , 1990). Following equation holds:
(3.1)
In equation 3.1 M p is the particle mass, Dm the mobility diameter and d j the
fractal-like dimension. This means that the particle mass does not scale with
D~, like the mass of a sphere, but with
The density computed is the
equivalent density of a sphere with the mass M p and the mobility diameter Dm
of the particle. Due to physical constraints of the employed method (Schmidt-Ott
et al. , 1990), fractal-Iike dimensions lower than 2.0 map to the dimension of 2.0
in the free molecular regime, where the mean free path of the gas molecules is
much larger than the particle diameter Dm. However, as will be seen, this does
not influence the obtained results.

ix:

3.3

Materials and Methods

To measure soot particles from different heights in a flame the same burner as in
(Kasper et al. , 1997) is used. The experimental setup can be seen in Fig. 3.1. The
burner consists of two co-annular ducts, the outer carrying a laminar sheath flow,
while the inner carries the fuel gas mixture. The hydrocarbon fuel gas is premixed
with argon in order to lower the soot concentration in the flame to measurable
levels. The flame produced is 70 mm high. The fuel flow can be heated and a
crucible with additive can be introduced into the heated flow. Ferrocene is chosen
since it is a well-known soot suppressor (Zhang and Megaridis, 1996; Mitchell
et al., 1990; Ritrievi et al. , 1987).

DAQ

L--------ir--f'-l

Air
Fuel mix

~

Ferro ce ne

Electrometer

c ru ci b l e

Figure 3.1: The experimental setup.

The sampling system consists of a cylindrical stainless-steel duct with a diameter of 10.0 mm and an orifice of 1.5 mm diameter in the wall of the duct. In
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order to quench the flame sample, slightly less than 4l/min of nitrogen are introduced into one end of the duct, while 4l/min flow out of it. The difference is the
volume sampled from the flame. The sampling system is described extensively
in (Kasper et al. , 1997) where it is also shown that it pro duces no measurable
artifacts.
The scanning mobility particle sizer (SMPS) is mounted directly behind the
sampling system to keep artifacts due to long aerosol transport times to a minimum. The SMPS system measures the particle size distribution, while at the
same time the aerosol is diluted. With this setup aseries of particle size distributions are obtained both for the ferrocene doped and the undoped flame.
To obtain a visual picture of the soot particles transmission electron microscopy (TEM) pictures are done by first selecting the size of the particles, according to their mobility diameter Dm, with a differential mobility analyser (DMA).
These particles are impacted on a carbon substrate and examined with the TEM.
In order to measure the particle density the sampled aerosol is led directly into
a DMA, where a size selection according to the particle mobility is performed.
This is feasible as the particles in the flame are charged, typically with one charge.
Then the flow is divided into two parts, one leading to a reference electrometer,
the other to a low-pressure impactor. The impactor is described extensively
in (Schleicher et al. , 1995; de la Mora et al. , 1990). Since the particles are
charged, the electrometer signal is proportional to the number of particles hitting
the impaction plate per second. The impactor is operated in the subsonic flow
regime. To monitor this, two press ure gauges measure the pressure before and
after the impactor nozzle. The various signals are registered by a computer which
in addition allows for a scan over a range of mobility diameters, as it controls the
DMA voltage.
To calibrate the impactor, oil droplets of known density and low volatility are
used. The droplets are created out of an oil solution in methanol and have to
be treated with a thermo-denuder, as described in (Schleicher et al. , 1995), at
a temperature of 500 K in order to completely remove the solvent. Since the oil
droplets are spherical and everything else is measured, the critical Stokes number
(Stk 50 ) can be computed ~ith equation equation 2.2, which holds as long as the
flow in the impactor is subsonic. The Stk 50 number is computed for different Dm,
using the pressure value at which 50% of the particles impact. The Stk 50 number
agrees well with previous calibrations of the impactor (Schleicher et al. , 1995).
Within one single measurement the usable dynamic range of the electrometer
signal is ab out one order of magnitude. By varying the electrometer amplificati on factor one can gain another order of magnitude. This makes measurements
in most positions in the flame feasible. At high and at low heights above the
burner mouth (HaB) the particle size distribution is relatively narrow, while at
intermediate heights the distribution broadens as measured by (Kasper et al. ,
1999). Due to this constraint a particle size which is contained in as many size
distributions as possible is chosen, so that a comparison of the densities of the
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soot particles of different fuels is possible, as wen as the densities of particles of
the same fuel at different heights. Therefore, the density data refer to particles
with a Dm of 37 nm.

3.4

Results

For an estimation of the change in properties of the flame particles SMPS spectra
of the particle size distribution are recorded. The size spectra could be fitted
very wen with a log-normal distribution as can be seen in Fig. 3.2. By plotting
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Figure 3.2: Plot of the number concentration of particles sampled from a flame
vs. particle size for an undoped methane-argon flame at a HaB of 45 mm.

the maximum and the 50% points of this fit for the different heights above the
burner (HaB) Fig. 3.3 is obtained. In both cases, i.e, with and without additive,
the particle number concentration is very similar. The size distribution and as
a consequence the radiative energy losses are effectively the same for a doped
and an undoped flame (Fig. 3.3) as mentioned in (Howard and Kausch, 1980).
Thus, the size of the particles does not change significantly and any other change
in the particle properties cannot be attributed to the coagulation regime, as it
does not change by the addition of ferrocene to the flame. With this background,
measurements of the mass of the particles are done.
The TEM pictures reveal no visible iron traces in the particles as can be seen
in Fig. 3.4. This is due to the low Ferrocene concentrations in this experiment.
Interpreting the contrast of these pictures is not possible, as they are done with
the electron beam slightly out of focus. The amount of defocusing changes the
contrast significantly, and it is different from image to image, as it represents a
compromise between resolution and contrast. While it cannot be seen if the iron
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Figure 3.3: Evolution of the soot particle size distribution. The dashed lines
correspond to a doped methane-argon flame, the continuous lines to anormal
methane-argon flame. The thick lines represent the maximum of a Gaussian fit
as in Fig. 3.2. The thinner lines are the diameters at 50% of the maximum.

is finely dispersed in the particles, one can say that in our case there are no iron
nuclei as observed for example by (Zhang and Megaridis, 1996).
For a comparison of the particle densities for different mobility diameters
particles with diameters of 26 and 37 nm are measured. The fuels are methane
(CH 4 ) and propane (C 3H s}. As can be expected, the smaller particles are more
dense (Fig. 3.5). The explanation for this effect is twofold. For an ideal mathematical fractal the density is proportional to D~r3), thus smaller particles have
higher densities. The finite primary particle size of real soot particles enhances
this effect.
Comparing the data acquired for the different fuels it is found that the density
of the particles increases with the sampling height in the flame (Fig. 3.6). The
different fuels behave similarly yielding densities of similar magnitude. Ethylene
may yield slightly denser particles, but the experimental errors prohibit a clear
statement. In order to examine the effect of a widely acknowledged additive on
the particle density, methane fuel is doped with ferrocene. The addition of the
ferrocene is done by sublimation into the fuel stream. The results can be seen
in Fig. 3.7, where densities of 37nm particles from anormal and from a doped
methane flame are presented.
To calculate the fractal-like dimension data from 20-40 nm diameter particles
is used. Despite the narrow size range this results in a correct determination of
df , as can be seen in Fig. 3.8, in which a wide size distribution is used to compute
df. The off-line data points give some insight into the difficulties associated with
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Figure 3.4: TEM pictures of the particles for an undoped (A, C) and a ferrocene
doped (B, D) methane flame. As the pictures are taken with the electron beam
slightly out of focus, a comparison of the contrasts is not feasible.
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Figure 3.5: Densities of soot particles for two diameters (26 and 37 nm) against
HaB.
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Figure 3.6: Densities of 37 nm soot particles against HaB for different fuel gases.
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Figure 3.7: Densities of 37 nm combustion aerosol particles in a ferrocene doped
and a regular flame.

extracting information about double charged particles, especially at a low D p ,
where their concentration is low. The fractal-like dimensions measured for the
different fuels, for the same HaB, agree very wen and a clear tendency to higher
fractal dimensions, i.e. more compact particles, with higher densities for high er
HaB, is observed (Fig. 3.9).
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dimension as suggested by equation [3.1].
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3.5

Discussion

The density values found for the various particles are low, as is also noted by
(Schleicher et al. , 1995). A reexamination of the data presented in (Schleicher
et al. , 1995) using a more refined theary for the mobility-diameter relation of
nanometre sized particles, presented by Tammet in (Tammet, 1995) still yields
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low density values. The main corrections introduced in (Tammet, 1995) are, taking into account the radii of the air molecules for the collisions with the particles
and the dipole polarisation interaction between the air molecules and the nanosized particles. The effect is significant for D p < 10 nm, therefore the carbon and
palladium particles, being the smallest ones, exhibit the strongest effect. For the
carbon particles the density of the particles is PTam. = 1500 kg/m 3 instead of
3
PCunn. = 1300kg/m , at a diameter D T am . of 5.5nm, as can be seen in Fig. 3.10.
The increase in the density with decreasing particle diameter is stronger than
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Figure 3.10: Densities for particles of different materials computed using the
Cunningham and the Tammet correction respectively. The correction in the
density is significant for the lower diameters.

what the Cunningham correction suggests. This effect diminishes rapidly with
increasing particle diameter.
The particles in the flame start appearing in regions which are relatively cold
(Dobbins et al., 1996). Therefore, the particle mean free path in the gas is small,
as shown in chapter 2. The result is that in the early stages of particle formation diffusion-Iimited aggregation is still important, yielding relatively fractal
structures. As the particles rise in the flame they become subject to higher
temperatures. In this regime two main effects appear to take place which can
explain Fig. 3.6 and 3.9. One is that the primary particles do compact as their
compounds graphitise. This is a well known effect, observed with electron microscopy, as noted in (Ertl et al. , 1997). Another effect which can take place is
a sintering effect which is widely known for metal agglomerates. This explains
both the rise in the density and fractal-like dimension.
When the fuel is doped with ferrocene, iron (or iron oxide) condensation nuclei appear very early in the doped flarne, before soot formation even starts, as
shown in (Kasper et al. , 1999). The soot precursors will preferentially adsorb
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on these particles, leading eventually to iron doped agglomerates. This explains
why the partielos in a doped flame have relatively high densities at low HaB.
As the particles rise in the flame the density drops. Two effects can account for
this. First, the material' adsarbing on the particles has a lower density than the
already farmed core, resulting in a decrease of the density as material accurnulates. The second effect which could take place is a catalytic oxidation of the
primary particles by the iron incarparated in the particles. In the case of finely
dispersed iron (as evidenced by Fig. 3.4) this is entirely possible, as the iron will
subsequently burn holes into the particles facilitating their oxidation. The result
would be that while sustaining the same diameter Dm, the particles will have
a much lower mass, which can explain the measurement of densities which are
lower than the densities of particles from an undoped flame.

3.6

Summary

With the presented method the influence of ferrocene on the density of nanosized combustion particles is investigated. The densities found far the ferrocene
particles indicate that the iron contained in the particles must exhibit a catalytic
effect on the oxidation of carbon in its vicinity, causing the observed (see Fig.
3.7) drop in" the densities as the HaB increases. The TEM pictures show that
the particles are in good approximation spherical, as the measurements of the
fractal-like dimension suggest. The densities themselves are low, but fitting in
well with other in-situ measurements. As shown, for very small D p , a correction of the density warranted by newer thearetical developments yields slightly
increased densities for carbon particles produced by spark discharges.
With these concepts of how particles sampled out of a flame are built, when
they originate from a ferrocene treated fuel, experiments with areal combustion
system become interesting. With real-world internal combustion engines one
cannot expect the theory to be satisfied completely. The additive does not have
enough time to oxidise the fuel, The proper investigation leads to the experiments
described in the next chapter.

Chapter 4

The Influence of Additives on the
Size Distribution and
Composition of Particles
Produced by Diesel Engines
4.1

Abstract

Measurements with different diesel engines and fuel additives permit a characterisation of the aerosol produeed by a diesel engine under the influenee of fuel
additives. Combined with ehemieal analysis and gravimetry a clear pieture of the
size range and eomposition of the emitted particles is obtained. Emission faetors
eomputed by gravimetry and eoulometry eorrelate well, A eorrelation is found
between the minimum additive eoneentration needed to induee exhaust particles
eonsisting of additive produets, and the elemental earbon emission faetor of the
engines. It provides a me~ns of optimum additive dosage needed in order to
operate self-regenerating diesel exhaust traps.

4.2

Introduction

Airborne nanoparticles (1 nm-IOO nm) are potentiaIly harmful to human health
(Donaldson et al., 1998; Peters et al. , 1997; Oberdörster et al. , 1994; Mohr et al.,
1993) as well as to buildings (Rodrigues-Navarro and Sebastian, 1996). The
probably most important souree of anthropogenie nanoparticles are eombustion
proeesses, in partieular diesel engines. At present about half of the power of diesel
engines ean be found on the road. The other half are mostly heavy duty off-road
vehicles which are used in the building industry, ships or in loeations where
explosion safety is a major eonsideration (BUWAL, 1996). The soot emissions
from these engines, espeeiaIly in underground eonstruetion sites, pose a serious
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threat to the health of the personnel (Hofer, 1997).
While better ventilation is the costly answer to gaseous pollutants, this is not
possible for soot. For example, in order to comply with health safety standards
at working places, a 100 kW diesel engine demands for an air circulation of 7.5 .
105 m 3/h (Mayer et al. , 1998). This is beyond what can be done with presentday technology. Other ways are required to redu ce the particle emissions. One
possibility is the use of particle traps. However, this solution leads to a reduction
in the engine efficiency as the filter accumulates material (Lemaire and Mustel,
1994). As the particle mass fiow in the exhaust is very high, even large traps are
clogged after a very short time, if simple collecting traps are used. Only traps
which can be regenerated can be applied.
Another solution under consideration is to add specific substances (additives)
to the fuel which suppress or reduce the particle formation (Howard and Kausch,
1980; Kasper et al. , 1999) and/or enhance the burnout of produced particles
(Lemaire and Mustel, 1994; Mitchell, 1991; Ritrievi et al. , 1987; Howard and
Kausch, 1980). A large number of studies have been performed to investigate the
efficiency and the action mechanism of a variety of such additives. For example,
the burnout process has been studied theoretically by (Koltsakis and Stamatelos,
1997). Other authors measured the infiuence of additives in laboratory fiames
(Kasper et al. , 1999; Zhang and Megaridis, 1996; Mitchell et al. , 1990; Ritrievi
et al. , 1987) and in technical combustion systems (Lernaire, 1998; Lepperhoff
et al. , 1995). The main result of these studies is that the benefit of additives is
quite limited. A certain reduction is obtained, but this is by far insufficient.
However, additives can be very helpful in enhancing the catalytic combustion
of soot collected in a trap, i.e. für trap regeneration (Pattas et al. , 1998; Müller
et al. , 1989). As a matter of fact, at present this is the main reason to use
additives. Most additive studies focus on the reduction in total particulate mass
(PM). In the study presented here, the effect of organometallic compounds of iron
(Fe) and cerium (Ce) on the size distribution of the emitted particles as well as
on the elemental (EC) and organic (OC) carbon concentrations is investigated.
The results are compared to total particulate mass measurements.

4.3
4.3.1

Materials and Methods
Devices and fuels

For the measurements two different diesel engines are used. Representative for
heavy-duty engines, the first engine is a Liebherr type 914 T (from now on
referred to as L1), 6.11litre, 4 pistons, turbocharged, direct injection engine with
a nominal load of 105 kW. This engine is run at an engine test bench. The
second engine is a small YAMAHA diesel driving an electrical power generator,
(Model EDA 4700T). It is not turbocharged, but it is a direct injection engine.
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Loads up to 3.0 kW can be attained with it. The load of the generator can be
varied, by varying the torque applied, and is always well defined, the electrical
energy produced is being fed into the house network. The engines are operated
either with regular diesel, or with diesel containing an additive, (Ce or Fe). The
Fe concentration in the fuel varies between 6 mg Fe per litre fuel and 300 mg/L
The minimum and maximum Ce concentration are 4.2 mg/I and 840 mg/I Ce,
respectively. A concentration of 120 ppm of the ir on additive is equivalent to
36 mg Fe per litre of fuel, For the cerium additive a concentration of 100 ppm is
equivalent to 84 mg Ce per litre of fuel,

4.3.2

Experimental Setup

In both cases the engine exhaust is sampled from the exhaust pipe 3 meters after
the engine. In the case of the L1 engine, as can be seen in Fig. 4.1, the sampled
Diesel engine

DMA_O

r===---I@

Particle
free air

0-

Exhaust

'--------/particle
free air
Data
acquisition

epe
Aethalometer

PA sensor

Figure 4.1: Experimental setup for the L1 engine, for details see text.

aerosol has been diluted in a partial flow dilution tunnel (AVL "Smart Sampler"),
which is operated with dilution ratios between 1:6 and 1:16. These ratios are calculated by comparing the CO2 concentration of the diluted and the undiluted
aerosol flow. Then one part of the aerosol passes through filter A. For the coulometric analysis (as detailed in (Verein Deutscher Ingenieure, 1996)) glass-fibre
filters (GF MN85/90BF, Macherey-Nagel AG Switzerland) are used. The filters
are conditioned before sampling for 5 hours at 873 K. The coulometric analysis
provides the contents of elemental carbon (EC), and organic carbon (OC) as well
as of other chemical elements of the diesel aerosol, For the gravimetrie analysis of
the total particulate mass (PM) quartz-fibre filters (EMFAB DISC 70 mm, Pall
AG Switzerland) are used. With this information emission fact ors for EC and
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total PM are calculated. The emission factor is defined as the ratio of the emitted
particulate mass (or a specific fraction thereof) in the exhaust and the mass of
burnt fuel. EC is found mostly in the fine to ultra-fine fraction (1 nm-1 fLm) as
shown in (Mayer et al. , 1998). The rest of the aerosol passes a diffusion charger
(DC), in line with a differential mobility analyser (DMA, TSI Mod. 3081) which
allows for a selection of the particles according to their electrical mobility, i.e.
their mobility diameter. The fiow is further diluted with air, in order to provide
enough sampling volume for the following sensors. This dilution is adjusted by a
mass fiow controller. The aerosol fiow is then divided into four parts. The first
one leads to a condensation particle counter (CPC, TSI Mod. 3025), which measures the particle number concentration (Stolzenburg and McMurray, 1991) and
is sensitive to particles ~s small as 3 nm. The DMA coupled with the CPC can
be operated in a scanning mode, described in (Wang and Flagan, 1990), and is
called a scanning mobility particle sizer (SMPS). Selecting the particle diameter
with the DMA, and with the assumption of spherical particles, a particle surface
area and a volume concentration can be computed. The second fiow leads to the
particle filter B, (Isopore 0.2 uu», 47 mrn, Millipore U.S.A.). The fiow through
this filter is determined by a critical orifice. By quantitative chemical analysis
of the filter by ICP-MS emission factors for various elements can be calculated,
as a function of the particle diameter. The third fiow is attached to a photoelectric aerosol sensor (PAS 2000, EcoChem Analytics) which measures the charge
induced on the particles by emission of electrons upon irradiation with UV light
(,\ = 222 nm). It is sensitive mainly to soot particles (Burtscher and Siegmann,
1994). The fourth fiow feeds an aethalometer (AE-9, Magee Scientific) which
continuously measures the optical absorption of particles collected on a filter. It
is mainly sensitive to the elemental carbon content of the aerosol, as detailed in
(Hansen et al. , 1994).
The exhaust of the YAMAHA diesel is also sampled after a 3 meter pipe, as
can be seen in Fig. 4.2. Immediately after sampling it is diluted by a very stable,

Diesel engine

DMA_O
Particle
free air

0Particle
free air

PA sensor

CPC '----'-----'
Data
acquisition

Figure 4.2: Experimental setup for the electrical generator engine.
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variable dilution system in order to freeze the particle size distribution. The
dilution system, described in (Hüglin et al. , 1997), also protects the measuring
devices from engine pulsations. A thermo-denuder is employed in order to remove
volatile material (acids, water, organic carbon). This is followed by a DC, a DMA
and a CPC in series, as can be seen in Fig. 4.2.

4.3.3

Measurements

To demonstrate the effect of the additive on the L1 engine, Fig. 4.3 shows the
concentrations of EC, OC, total carbon (TC) and PM as a function ofthe additive
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Figure 4.3: Elemental (EC), organic (OC) and total carbon (TC) measured coulometrically and particulate matter (PM) measured gravimetrically in mg/m 3 ,
for four operating points of the L1 engine. A: 2000 RPM/500 Nm, B: 1400
RPM/600 Nm, C: 2000 RPM/250 Nm and D: 1400 RPM/300 Nm.

concentration at four operating points of the engine. This shows that a reduction
of approximately 50% can be obtained. This reduction is reached already at relatively low additive concentrations, significantly lower than the common practice
suggests. Compared to the requirements for particle reduction mentioned in the
introduction, the 50% reduction is by far insufficient.
These measurements are also used to calculate emission factors. As acheck,
the TC emission factor obtained by coulometric analysis is compared to the data
obtained by gravimetrie analysis (Fig. 4.4). It should be noted that according to
(Wolff et al. , 1991) the OC values found for ambient aerosol should be multiplied
by a factor of 1.2-1.6 to account for other elements, besides carbon, constituting
the OC fraction. The factor 1.3 is used as the diesel aerosol examined can be
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data (TC) against the emission factor obtained from gravimetrie data (PM). The
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considered as a fresh ambient aerosol. The two emission factors correlate well,
For higher emissions the PM and TC emission factors can be considered identical.
A source of the divergence at lower loads can be artefacts arising from the coulometric analysis and possible loss of the volatile OC fraction. This could be the
case as the filters were analysed a long time (1 month) after the sampling. The
additive mass concentration in the exhaust particulates is in the worst case about
15% of the PM value and thus too small to fully account for the difference. Further on, Fig. 4.3 shows that the addition of cerium to the fuel decreases mainly
the OC emissions, while the EC emissions remain almost constant and PM emissions are decreased. There is a fixed relation between the TC and PM emissions,
once Ce is added to the fuel (Fig. 4.4). This enables an easy conversion from
the PM emission factor to the TC emission factor by subtracting about 1 . 10- 4 .
Thus, at least for the engine used in this study, one does not have to rely on the
coulometry procedure in order to measure the TC emission factor of an engine.
Adequate results can be obtained with gravimetry.
Fig. 4.5 yields information on the effect of the additive on the particle size
distribution. It is obvious that the presence of the additive leads to a reduction
in the concentration of larger particles (> 50 nm), which is of the same order of
magnitude as observed in Fig. 4.3. A cerium additive concentration of 20 ppm
is sufficient to obtain this reduction, while increasing the additive concentration
yields no further benefit. However, a large number of small particles are newly
formed. The concentration of these particles significantly increases when the
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Figure 4.5: Measurements with the SMPS ofthe LI engine at 1400 RPM/ 300 Nm,
for different additive concentrations. The emergence of a secondary peak is easily
observed.

additive conceIitration is increased. A closer look shows that the particles with
D p > 50 nm strongly contribute to the aethalometer signal and show a clear
photoemission effect. Both of these observations are typical for soot particles.
The smaIler particles fail to show a similar response indicating that these are not
soot particles. To learn more ab out their nature filter samples taken from the
exhaust of the LI engine are analysed for the additive metal. A result of the
analysis of filter A (Fig. 4.1), i.e. for the whole size range, is shown in Tab. 4.1.
The additive mass computed from the amount of burnt fuel and the mass found
on the filter agree fairly weIl. This shows that most of the additive is captured
in the filter, which means that it is emitted in the particle phase.
In a second step the filter sampling is done behind the DMA. The diameters
ofthe sampled particles are either 20nm and 80nm (for the set offilters with Ce)
or 35 nm and 95 nm (for the set of filters with Fe). Chemical analysis of the filters
(filter B) by ICP-MS reveals that the small particles which occur only when an
additive is used, consist mostly of cerium (Tab. 4.2). Obviously these particles
are produced by homogeneous nucleation of the additive material. In the case
of iron the low iron mass which can be accumulated over reasonable periods of
time, typicaIly sampling for some hours, and the high iron contamination of the
filters, as well as the unknown iron quantity stemming from the motor itself,
prohibit a clear statement. At the same engine working points SMPS spectra
were measured. With these spectra, and by assuming a particle density Pp of
1000 kg/m 3 the mass of the filtered particles is estimated. The density value of
1000 kg/m 3 is chosen as the particles examined consist of a few monomers, so

32

Chapter 4.

DIESEL EMISSIONS AND FUEL ADDITIVES

Table 4.1: Additive mass, found on filter samples, and the corresponding mass
computed from the additive concentration in the fuel and the amount of fuel
burnt.
Additive
metal
Ce
Ce
Ce
Ce
Fe
Fe
Fe
Fe

Additive
conc. [ppm]

Computed additive
mass [Mg]

Measured additive
mass [Mg]

100
100
50
50
120
120
60
60

313
324
162
162
135
134
69
69

249
296
138
137
79
101
67
72

that the mobility diameter reflects the volume actually occupied by their mass
fairly weIl. For the ICP-MS the estimated error is in the range of 10% while the
calculation of the total mass has an error of about 50% and thus pravides only a
rough estimate.
Table 4.2: Cerium and iron concentrations measured by chemical filter analysis
and estimated total mass from SMPS data by assuming spherical particles.
Additive
metal
Ce
Ce
Fe
Fe

Estimated
Particle
Diam. [nm] total mass [Mg]

20
80
35
95

0.12
0.39
0.076
0.8

Metal
mass [Mg]

0.12
0.048
0.116
0.261

Ratio

1.0
8.1
1.5
3.1

To find out in what form the Ce is contained in the exhaust aerasol the LI
engine is equipped with a particle trap. The soot collected in the trap burns by
itself. This happens in the trap, at 400-450 degrees Celsius, as the Ce additive
lowers the soot burnout temperature. The resulting ash is pulverised and analysed
by X-ray diffraction (XRD). This shows that the Ce is present as Ce02 in the
ash. As proposed in (Howard and Kausch, 1980) and shown experimentally in
(Kasper et al. , 1999), iron is found as an oxide (Fe203) in the particles formed
in the combustion zone of ferrocene doped flames. Cerium and iron are similar
in that they both have two main oxidation states. Therefore the assumption is
made that the cerium, like the iron, will reach its highest oxidation state (Ce H )
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very early, during the particle formation phase.
To learn more on the particle formation when using additives, additional
measurements with the YAMAHA engine are performed. The additive concentrations in the fuel vary between 20 ppm and 1000 ppm. For each concentration
the particle size distribution is measured for four engine loads (idle, 33%, 66%
and 100% of the nominal load) at constant engine speed. As the YAMAHA engine is not turbo charged, increasing the load leads to a reduction in the air/fuel
ratio A significantly increasing in the emission factor for particulate carbon (see
Fig. 4.6). A gradual shift from an "additive" peak to a "soot" peak is observed
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Figure 4.6: The emission factor for the YAMAHA engine, based on the black
carbon content (Be) as measured with an aethalometer, against the load; A
varies between 5.8 and 1.9.

when the load is increased, as can be seen in Fig. 4.7. The additive concentration
required to form new particles, consisting mainly of the additive metal, increases
when more soot is emitted. In Fig. 4.8 this concentration is plotted versus the
emission factor. Similar measurements are done with the LI engine with additive
concentrations varying between 5 ppm and 35 ppm. As the LI engine is equipped
with a turbo charger the relation between engine load and emission factor is not
as clear as for the Yamaha engine. The results are also plotted in Fig. 4.8. Evidently the onset of particle formation correlates strongly with the emission factor.
The two very different types of engines, on the other hand, do no seem to have
much infiuence. These results, in combination with the results in Fig. 4.6 may
help to find an optimal dosage of the additive in order to apply as little excess
additive as possible.
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4.4

Summary

It is shown für two very different diesel engine designs that an addition of cerium
to the diesel fuel (in sufficiently high concentrations) leads to the appearance of
large amounts of particles, consisting mainly of cerium oxides. These particles
have a very small diameter, typically 10 nm, as can be seen in Fig. 4.5. A
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strong positive correlation between the minimum cerium concentration in the fuel
(needed for the onset of additive-induced particle formation) and the elemental
carbon emission factor of the engines has been found. Similar measurements for
different engines could result in a solution which efficiently controls the emissions
of diesel engines with self-regenerating filters. For the LI engine, addition of
cerium to the fuel even in small quantities has a measurable effect on the organic
carbon emitted. While this is a welcome effect, as it eases the burden put on
particle filters, no adequate explanation has been found.
The results .obtained lead the way to cleaner diesel engines. But the date by
which filters will be introduced for the general public is still far away. Therefore we can measure diesel engine emissions, along with oil burner combustion
products, and industrial plant aerosols in our environment. This fact, paired
with the idea that the aerosol can penetrate through cracks and crevices into the
houses leads, to its utilisation as a tracer. With appropriate equipment the air
exchange between indoors and outdoors can be measured, as will be shown in the
next chapter.
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Chapter 5

Determining the Air Exchange
Rates of Rooms with
Photoelectric Aerosol Sensors
5.1

Abstract

Indoor and outdoor concentrations of airborne fine particles from internal combustion engines are measured during periods of 24 hand with a time resolution of
ten seconds. With those time-series, the ventilatory air exchange rate of different
rooms is computed using a novel approach to the solution of the mass balance
equation. A "mixing time" parameter is introduced in order to aeeount for the
initial non-homogeneous distribution of the pollutants in the rooms. It is demonstrated that this method can be used to determine the impact of health-relevant
outdoor particles on the indoor particle eoncentration. This gives us information
on the protection a building offers against pollutants entering from outdoors.

5.2

Introduction

The results of various reeent epidemiologie studies have attraeted more interest
to partieulate air pollutants, as there is an assoeiation between the ambient fine
particle level and respiratory diseases as weIl as mortality (Sehwartz et al. , 1996;
Seaton et al., 1995; Doekery et al., 1993; Braun et al., 1992). Indoor fine particles
eonstitute a health hazard beeause people spend most of their time indoors.
For instance V.S. residents are 87.2% of their time indoors, 7.2% in or near
a vehicle, and 5.6% outdoors (Wallace, 1996). Consequently, human exposure
to indoor fine particles is an important issue. Indoor sources and particles of
outdoor origin which penetrate through the building envelope contribute to the
indoor particle eoneentration. Of the indoor sourees, smoking and cooking are
the most important ones. The effect of the different indoor sourees on indoor
37
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fine particle concentration is investigated for example by (Chao et al. , 1998) and
reviewed by (Wallace, 1996). The impact of outdoor particles on the indoor
particle concentration is investigated by different authors, mainly in terms of
the ratio of average particle concentrations indoors and outdoors. In (Alonza
et al. , 1979) filters with sarnples of indoor and outdoor particles are analysed, for
elements which are primarily of outdoor origin (Fe, Zn, Pb, Br, Ca). Typically
an indoorjoutdoor ratio of about 0.3 is found. In (Koutrakis et al. , 1992) the
mass of fine particles indoors and outdoors is determined for 49 hornes. The
contribution of outdoor sources to the indoor fine particle concentration is 60%.
The permeability of the building envelope is crucial for the impact of outdoor
particles on the indoor particle concentration and consequently for the protection
a building offers against pollutants entering from outdoors. In this context, the
air exchange rate is an important quantity. It is a measure of the ventilatory gas
exchange between the compartment and the outdoor environment and is given
as the number of exchanged indoor room volumes per unit of time. Air exchange
rates are typically determined with an overpressure method (Roulet, 1994) or
the use oftracer gases like sulfur hexafluoride (SF 6) and carbon dioxide (C0 2 ) as
detailed in (Fogh et al. , 1997; Thatcher and Layton, 1995). While the first two
methods are mainly used in the unoccupied state of a building the CO2 method
can be used in occupied buildings, but has other drawbacks, such as low mobility,
low time resolution, and high cost. Up to now, only mean values of air exchange
rates can be determined by putting a continuous tracer gas source and a collecting
tube in such rooms in their unoccupied state. This method however is still open
to severe critics concerning its reliability and requires a sophisticated analytical
background to handle the very low concentrations.
Besides the strength of indoor sources and the air exchange rate, the indoor
fine particle concentration also depends on the clearing effect due to particle
deposition. Deposition rates of fine particles depend mainly on the particle size
and the surface area of the indoor room. Additional effects like thermophoresis
can also contribute to the deposition rate.
In this chapter, a method for determination of air exchange rates and fine
particle deposition rate of buildings is presented. It may be used even when the
building is occupied by residents or employees. To demonstrate the method, time
series of concentrations of ambient particle bound polycyclic aromatic hydrocarbons (PPAHs) as a tracer for indoor and outdoor fine particle concentrations are
measured in two test buildings. The mass-balance equation is numerically integrated for the case of absent indoor particle sources. The air exchange rate and
the particle deposition rate are then obtained from the parameters of the model.
A direct estimation of the influence of the outdoor air particle concentration on
the indoor air quality is feasible individually for each room.
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Materials and Methods
The Equipment

Effects of outdoor to indoor transport of ambient fine particles are measured
with two photoelectric aerosol sensors (PAS). The working principle of the PAS
is detailed in (Burtscher, 1992) and mentioned here briefly. It is based on the
photoelectric effect applied to submicron particles. The airborne particles are
guided into a quartz tube and illuminated with photons having energies larger
than the work function of the particles (typically photons in the UV range). Depending on the light intensity and irradiation time, a certain number of particles
acquire a positive charge by emission of electrons. The electrons and negatively
charged ions (generated due to capture of the electrons by air molecules) can be
selectively precipitated by a small alternating electric field. The time-averaged
motion of the positively charged particles remains unaffected by this small field.
At the outlet of the quartz tube the particles are sampled in an electrically insulated fabric filter. The particle charge per time (photoelectric current) deposited
on the filter is measured with a current amplifier. Only submicron particles can
be charged efficiently with this method, because the probability that the emitted
electron diffuses back onto the particle surface increases with size. An expression
for the dependence of particle diameter and back diffusion probability of emitted
electrons is derived by (Filippovet al. , 1993).
Photoelectric charging is a surface sensitive method and therefore yields information on the surface concentration of fine particles suspended in agas.
Particles resulting from combustion processes show a high photoelectric activity which is defined as the mean number of charges per particle and incident
photon. This was found to be due to the coverage of these particles with PAHs
(polycyclic aromatic hydrocarbons) which are byproducts of incomplete combustion processes. Moreover, a linear relation between the photoelectric activity
and the amount of particle bound PAHs in urban air and in the exhaust of different combustion processes was found (Wilson and Barbour, 1994; Hart et al. ,
1993; McDow et al., 1990). Photoelectric aerosol sensors which are calibrated for
PPAH mass concentrations are commercially available. Two different approaches
for determining the air exchange rates are employed. For the first method two of
these sensors (LQ1-E, Matter engineering, Switzerland) measure time series of
PPAH concentrations as a tracer for fine airborne particle concentrations outside
and inside of a test building. This is done with one PAS placed right outside the
building envelope and a secend PAS which is located inside the building. The
signal of both sensors is recorded simultaneously with a time resolution of ten
seconds, the mean values over one minute periods are determined and stored in
a computer. To simplify the extraction of the air exchange rates from the data
the assumption is made that there are no indoor particle sources. The second
method involves a sooting candle in the room to be evaluated. As soon as the in-
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door PPAH concentration is much higher than the outdoor PPAH concentration
the candle is extinguished, and the decay of the indoor concentration is measured
revealing the particle loss rate which is the sum of the air exchange rate and the
particle deposition rate. Für this the outdoor concentration is assumed stable
and much smaller than the indoor PPAH concentration. Further, one must be
sure that there are no other indoor particle sourees.

5.3.2

The Building

The measurements have been carried out in a two-storey residence in a rural area
outside of Zurich. The building is ventilated by opening the doors or windows as
no air conditioning system is installed. The building is monitored during normal
occupancy by two non-smoking adults. Measurements in three different rooms
have been carried out at this study site: a sleeping room (from now on SR), a
music room (from now on MR), and a winter-garden (from now on WG). The
sleeping room and the music room are equipped with soundproof windows and
provisions are made to eliminate cracks and crevices, while the winter garden has
older windows. The main outdoor particle source at this location is a nearby
road with heavy commuter traffic during the rush hours.

5.3.3

Data Analysis

Mass-balance models describe the relationship between input and output concentrations of substances introduced into a well-rnixed compartment. Indoor air
quality studies often model the indoor air pollution concentrations in terms of
spatial averages (Switzer and Ott, 1992; Dockery and Spengler, 1981; Alonza
et al., 1979). As described by (Dockery and Spengler, 1981), the indoor particle
concentration in these models is determined by four processes:
• Air is considered as non-compressible and the temperature difference outside and inside the building is assumed to be negligible. Therefore, the
volume of air flow into the building is balanced by an equal air flow out of
the building.
• The air flow through the building envelope might lead to a loss of airborne
particles by impaction and/or diffusion. A factor p describes the fraction
of particles which penetrates into the building.
• Indoor particles are removed by gravitational and diffusive deposition onto
the available surfaces.
• Indoor particles can be generated by sources like smoking, cooking or resuspension.
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With the principle of mass conservation the following equation can be derived
(Dockery and Spengler, 1981):

(5.1)

where Ci(t) is the indoar concentration [flg/m 3 ], Co(t) is the outdoar concentration [flg/m 3], pis the penetration factor for outside particles, cPv is the ventilatory
air exchange rate [h- 1], cPd is the particle deposition rate [h- 1], g(t) is the indoar
generation rate [flg/h], and V is the volume of the room [m3 ] . Defining average
values of C and C; and integrating equation 5.1 over the sampling period t s
leads to the steady-state equation for the average indoar particle concentration
(Dockery and Spengler, 1981):

(5.2)

where averaging over the sampling time is denoted by a bar. Equation 5.2 is
used for modelling the indoar particle concentrations (Ott et al. , 1997; Dockery
and Spengler, 1981) and for calculation of the ratio of mean indoar and mean
outdoar particle concentration (Raunemaa et al. , 1989; Koutrakis et al. , 1992;
Alonza et al. , 1979). The penetration factar for fine and coarse particles is determined by (Koutrakis et al. , 1992; Thatcher and Layton, 1995) using equation
5.2. Both studies find that p = 1 for particles with diameters less than 10 ussx.
These results agree with findings of (Ozkaynak et al. , 1996). They determined
penetration factors of p = 1 for both P M 2 .5 and P M lO (mass of particles with
aerodynamic diameters less than 2.5 ui», and 10 uu: respectively). In this thesis
particle penetration through the building envelope is assumed to occur without
losses, so p is taken equal to one.
As mentioned above, homogeneously mixed indoor compartments are assumed
for derivation of the mass balance equation. This is a simplification of the real
situation. Pollutants entering through cracks of the building envelope are dispersed in the room mainly by the convective movement of the indoar air mass.
This situation is taken into account, in a first approximation, by introducing a
"mixing time" parameter, described below. The mass-balance equation is numerically integrated for the case of absent indoar particle sources, that is g(t) = O. If
candle soot nanoparticles are introduced into the room, equation 5.1 can be easily solved analytically with the added assumption of a small, constant outdoar
PPAH concentration. The computed concentration decay is exponential. For
details on the numerical algarithms applied to the time-series measured consult
appendix A.2.
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Results and Discussion

In Fig. 5.1, the results of the measurements are summarised. The determined air
exchange rates 1Yv are plotted versus the second model parameter 1YP for the measurements carried out at three different sites. Without indoor sources, all data
points should be below the y=x line shown. The model parameters are determined from measured indoor and outdoor PPAH time series over one day measuring periods. The shaded columns represent measurements done with candle soot
nanoparticles, where only 1YP can be computed. The results obtained by the two
methods are similar and two different types of rooms can be distinguished. In
Table 5.1 the results obtained by evaluating the time-series data are presented.
As can be seen from the results, the uncertainties of the model calculations are
high and seern to be larger or equal to the fine particle deposition rate.
Although the error bars are very large, the measurements presented in Fig.
5.1 indicate that the air exchange rate of occupied buildings varies strongly, depending on how well the building envelope shields the indoor environment against
outdoor factors. Only about fifty percent of the measured daily time series of
indoor and outdoor PPAH concentrations are appropriate for data evaluation
with our model. The reasons for this are the following: Especially on Sundays
the outdoor PPAH concentrations are very low and therefore the signal to noise
ratio is poor. For such situations, the preconditions for the model calculations
are not given. A second reason are drifts of the offset signal. The offset signal
is measured every 24 hand subtracted from the data. Thus, long-term drifts in
the offset signal can be identified and eliminated. Obviously short-term drifts
also occurred, leading frequently to negative PAS signals. As can be seen from
equations A.10 and A.ll, negative indoor and outdoor concentrations can have a
strong impact on the calculation and therefore the corresponding measurements
are not evaluated. For future measurements, difficulties with these unstable offset
signals can be overcome with the use of photoelectric aerosol sensors which are
equipped with UV excimer lamps (Kogelschatz, 1992) instead of Hg low press ure
lamps. Excimer lamps can be operated in a pulsed mode and therefore, the offset
signal can be determined before and after every measured data point.
Fig. 5.2 shows the outdoor and indoor PAS signals measured at all three sites
(SR, MR and WG) at three different days. The indoor PPAH concentrations,
as obtained from our model calculations, are also included. The outdoor PPAH
concentration at this study site is in general dominated by a broad peak during
the morning hours, and elevated PPAH concentrations in the evening. PPAH
emissions are mainly caused by commuter traffic, therefore the outdoor PAS
signal is very low at night. For the MR and the SR the PPAH concentrations
indoors are much lower than outdoors. They are dominated by a slowly increasing
signal caused by the high outdoor concentration in the morning, and a broad
maximum indoor PPAH concentration at a time when the outdoor signal drops
to a lower level. The indoor PPAH concentration is then slowly decreasing, due to
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Figure 5.1: Plot of the ca1culated ventilatory air exchange rate cPv against the
model parameter cPP which is the sum of cPv and the particle deposition rate cPd.
Two classes of rooms can be distinguished. The ones with low air exchange rates
and those with considerably higher air exchange rates.

the low air exchange rates and fine particle deposition rates in these rooms. Both
the MR and the SR offer a high protection against outdoor particles. The ratio
of the daily avetage of indoor and outdoor PPAH concentration is Ci/Co = 0.19
(SR) and 0.36 (MR). With the parameters cPv and cPP the path of the indoor
PPAH concentration is catculated. The ca1culated signals agree well with the
measured signals, although the indoor concentrations are very low and there is
some drift resulting from the specific sensors used. The measurements and model
ca1culations for the WG are similar to the ones for the other two rooms. However,
the indoor signal relative to the outdoor signal is higher in the WG and the indoor
signals are decreasing much faster, because of the higher air exchange rate. The
agreement between measured and modeled indoor PPAH concentration is also
good.
In Fig. 5.3 the PPAH concentration decay measured after introducing candle
soot nanoparticles into a room is shown. The decay is much faster in the WG,
while much more time is needed for the same decay in the music room and the
SR. Computing cPP yields values of 0.079, 0.082 and 0.61 for the SR, the MR, and
the WG respectively. These agree very well with those of Table 5.1, computed
from the time-series.
The introduction of the "mixing time" aIlows a much better modeIling of the
indoor concentration, as can be seen in Fig. 5.4. Still, further investigations are
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Figure 5.2: Time series obtainend at the different study locations of the residential horne (sleeping roorn (SR), music roorn (MR) and wintergarden (WG)) at
different days. Although the outdoor concentration Co(t) varies significantly, the
indoor concentration Ci(t) in the SR and in the MR rernains rather constant,
indicating low ventilatory air exchange rates.
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Figure 5.3: Experimental data and numerical fit for the PPAH concentration
decay in the case of candle soot partic1es. The decay is faster in the WG, for
which a high air exchange rate is established, while the MR and the SR behave
similarly.

Table 5.1: Air exchange rates for the diferent rooms, as computed by indoar and
outdoar PPAH concentration timeseries. Although the errars are large, two kinds
of rooms can be distinguished. Those with low air exchange rates (MR, SR) and
the ones with high air exchange rates, as the WG. The values for ePP agree well
with candle soot nanopartic1e experiments done, as can be seen in Fig. 5.3
Room
Music room
Sleeping room
Wintergarden

ePv [h- 1]
0.07
0.03
' 0.48

Error in ePv
0.06
0.02
0.11

ePP [h- 1]
0.13
0.10
0.70

Error in ePP
0.15
0.05
0.19
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necessary to determine the effect of the internal air fiows and the best position
for the internal sensor. In Fig. 5.5, the sum of the least squares is plotted as a
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Figure 5.4: Infiuence of the introduced "mixing time" on the accuracy of the
model calculation. The graph shows the measured indoor PPAH concentration
of Fig. 5.2 (wintergarden) and the results of model calculations with "mixing
time" of 0 min and 42 min, respectively. Introduction of the "mixing time" leads
to a more accurate modeling of the measured indoor concentration.
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function of the mixing time for the measurements presented in Fig. 5.2. The fact
that the calculated mixing time varies very much even for the same location is to
be expected, since the mixing procedure is directly related to the predominant
weather conditions, as well as the presence of people in the rooms. If the sun
shines into the selected location, a shorter mixing time is to be expected, as the
solar energy fuels the convective currents. The same holds true if a person walks
through a room, functioning like astirrer, or just simply sits on achair, fueling
the convective currents with the heat he produces. To quantify the infiuence
of the aforementioned factors on the mixing time more experiments need to be
carried out.

5.5

Summary

A new method for the experimental investigation of the air exchange and the
fine particle deposition rate is presented which may be applied even when the
building is occupied. The new technique uses the submicron particles produced
outdoors, by automotive traffic or other combustion processes, as tracers. The
time dependence of the indoor concentration of the particles can be calculated
from the observed outdoor concentration using a different approach, as described
in appendix A.2 to calculate the model parameters. These parameters are the air
exchange rate, the indoor wall loss rate, and the mixing time of the indoor air.
The latter is a phenomenological parameter introduced for the first time since it
provides a much better reproduction of the observed concentration curves.
The measurements show that roads with heavy traffic can significantly contribute to the indoor PPAH concentration of the surrounding buildings. The air
exchange rates demonstrate that one can distinguish roughly between two types of
rooms, those that have high air exchange rates and those where special measures
are taken (sound proof windows, elimination of cracks and crevices, minimization
of indoor-outdoor cable passages etc.). This leads to much lower air exchange
rates. In the case ofthe former rooms, the indoor PPAH concentration traces the
outdoor concentration very closely. The PPAH concentration of indoor sources
decays fast while the outdoor signal is generally smaller. Such rooms are better
suited for accommodating aerosol intensive activities (smoking, cooking etc.) as
the persons in the rooms are subjected to the harmful particulate emissions for
shorter times. If a room will be occupied by non-smokers, then lowering the
air exchange rate is a way to protect theinhabitants against outdoor pollution
entering the building. In addition, by measuring the time at which the minimum
of the outdoor concentration occurs, the ventilation of the room can be chosen
in an optimal way, so that as little PPAH as possible enter indoors.
In principle, every particle monitor with a high time resolution may be used
to obtain time series of the indoor and outdoor particle concentrations which
are the input data for the model calculations. However, the PAS is particularly
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well-suited for this application, as it detects the submicron particles produced by
incomplete combustion. Such particles are hydrophobie, so that their detection
efficiency does not depend on the relative humidity which is different indoors
and outdoors. Furthermore, this type of sensor is simple to use and small in
size. Todays problems with zero shifts and the differentiation of the outer PPAR
sources from the internal sources can be solved by the application of excimer
lamps, allowing a pulsed operation with continuous off-set compensation and
selective registration of submicron particles from different sourees.
More work is required to be able to treat indoor particulate sources in a way
that will still allow the determination of the air exchange rates. While the effects
of meteorological conditions as weIl as the occupant activity might change the
present results, the method is idealy suited to measure the particle and ppAR
concentration over longer periods, facilitating room monitoring or even a personal
exposure analysis.

Chapter 6

Conclusions
Nanoparticles become more and more an object of industrial, public and legislatory interest. This thesis can be seen as a small contribution towards the scientific
debate of soot particle formation mechanisms as weIl as the lively discussion
about nanoparticles and public health effects.
The experiments done clarify the particle morphology of diesel aerosol. The
particle fractal dimension being relatively high, the surface presented for chemical
interaetions is close to the surface of a sphere with the same mobility diameter.
This has direct consequences for chemical reactions taking pl ace on the particle
surface. A very fundamental reaction for atmospheric chemistry which is affected
by the available surface concerns the formation of nitrous acid (Ammann et al. ,
1998).
Measuring the density of particles sampled from a flame, information on the
particle formation history is acquired, visualising the sintering and oxidation
processes taking place. For the data measured when ferrocene is added to the
flame, an possible explanation is that iron contained in the particles exhibits a
catalytic effect on the oxidation of carbon in its vicinity. This can cause the
observed drop in the densities, as the particles are sampled from the flame at
increasing heights above the burner mouth.
The dangers of an excessive fuel additive dose are also very visible when
measuring the size distribution of different diesel engines. By fitting existing
construction-site diesel engines with particle traps and adding a fuel additive
dosage system to the engine, a maximum reduction of engine soot emissions can
be achieved, while at the same time health safety is ensured and the economic
feasibility of particle traps is increased. This is suggested by measurements, where
the combination of fuel additives and particle traps provides the best result. This
happens because the optimum additive dose at a load point and the engine emission factor for this load point strongly correlate. With this technology, tunnels
which are larger can be built as the costs for ventilation drop or, alternatively, a
faster construction pace can be achieved.
As diesel engines do not presently have filters to withhold produced nano-
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partic1es, the ambient partic1e concentration near a busy road can be used to
characterise the ventilatory air exchange of buildings. With such information decisions to improve air quality can be taken. For example at the location measured,
room ventilation is done best between 4 and 5 am. Then the outdoor partic1e
concentration is very low, as there is no traffic to produce partic1es. Further, suggestions relating to the window tightness of different rooms can be made. This
can be helpful in order to design new or redesign available real estate space in
order to achieve maximum protection for its inhabitants.

Appendix
A.l

Mean Free Path Calculation

The mean free particle path Ap can be derived from equations A.I-A.7 which are
taken from (Rinds, 19S2), except equation A.5, where the accurate formula is
taken from (Reed and Gubbins, 1973).
A = SD
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In the above equations D is the diffusion coefficient,

(A.7)

c the mean thermal velocity

of the aerosol particles, k the Boltzmann constant, T the absolute temperature,
m p the particle mass, B the mobility of the aerosol particles, Ce the Cunningham
correction factor, 7] the viscosity, D p is the particle diameter, m the mean mass
per moleeule of air and dm is the diameter of an air (N2 or O 2 ) moleeule. The
mean free path of an air moleeule Ag is proportional to the temperature T and
varies with the inverse of the gas pressure p. Therefore Ap is non linear in T due
to the exponential term in the Cunningham correction factor Ce'
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A.2

Numerical PAS Data Conditioning

In order to solve equation 5.1 for the case of varying outdoor PPAH concentrations the measured time series of indoor and outdoor PPAH concentrations are
smoothed using a Savitzky-Golay filter as described in (Press et al., 1992). This
preserves the characteristics of the input signal, while it filters the high frequency
noise. By filtering with this smoothing algorithm, the derivative of the indoor
concentration time series is obtained. Consequently, the measured indoor and
outdoor concentrations and the derivatives of the indoor concentration for every
time interval are used to perform a minimisation of the following equation:
(A,9)
where n-m is the number of data points, j is the index for every time interval, and
cPP = cPv + cPd. Derivation of equation A.9 with respect to the model parameters
cPP and cPv leads to a linear equation system:

o

(A.10)

o

(A.ll)

The solution of the above equation system yields values for cPP and cPv. With the
determined cPP and cPv and the use of equation 5.1, the indoor PPAH concentration
is calculated. The measured average indoor concentration for the time interval j
(tj ) is used to determine the average indoor concentration for the time interval j +
1 (tj+l)' This is done by solving the following equation 5.1 with the use of a fourth
order Runge-Kutta algorithm. Therefore, the time series of the indoor PPAH
concentration can be modelled with the measured outdoor PPAH concentration,
the model parameters cPv,and cPP (as returned by the least square algorithm applied
to equation A.9) and the (measured) indoor PPAH concentration at the starting
time t j .
For some cases the path of the measured PPAH concentration cannot be reproduced accurately with the method described above. To derive the mass balance
equation it is assumed that the entering outdoor air is instantaneously mixed
with the indoor air. Obviously, this is a simplification of the real situation. Outdoor air which enters indoors through holes and cracks of the building envelope
is dispersed in the room by diffusion and mainly by convection of the indoor air
mass. We therefore introduce a phenomenological "delay time" which describes
the time needed until homogeneous mixing of the indoor air is achieved. In our
model this delay time is represented by a constant time lag between the indoor
and outdoor signal. Equation A.9 is minimised, as required by a least-square
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algorithm, for delay times between 0 and 105 minutes with a step-size of one
minute. The delay time which gives the lowest value for A is used to determine
1Jp and 1Jv'
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Figure A.1: Typical histogram of the difference between the measured and cornputed indoor PPAH concentration. The calculated errors are normally distributed
as is demanded in order to apply a linear regression model.

The treatment of errors is done in a manner similar to (Kogelschatz, 1992).
The measurements of the indoor and outdoor PPAH concentration are assumed
to always have the same standard deviations, equal to unity. The quantity A
in equation A.9 is then equivalent to the well known chi-square value. As a
consequence, the calculated uncertainties are underestimates of the true uncertainties. For every model calculation it is checked that the calculated errors are
normally distributed (Fig. A.1) so that a least-squares fit is legitimate.
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A.3

Published Material

Table A.1: Chapters of this thesis have been published or are in the process of
being accepted for publication in various journals. This table provides a quick
overview. The first column refers to the chapters of this thesis, the second column
shows the title of the paper and the journal to which it was submitted, while the
third column shows the status of the paper.

Chapter
2

3

4

5

Authors, title and journal
G. Skillas, S. Künzel, H. Burtscher, U.
Baltensperger, K. Siegmann, (1998) High
fractal-like dimension of diesel soot agglomerates, J. Aerosol Sei., 29:411-419
G. Skillas, H. Burtscher, K. Siegmann, U.
Baltensperger, The density and fractal-like
dimension of particles sampled from a laminar diffusion flame, J. Colloid Interface Sei.
G. Skillas, Z. Qian, U. Baltensperger, U.
Matter, H. Burtscher, The influence of additives on the size distribution and composition of particles produced by diesel engines,
Combo Sei. Teeh.
G. Skillas, Ch. Hüglin, H.C. Siegmann, Deterrnination of air exchange rates of rooms
and deposition factors for fine particles by
means of photoelectric aerosol sensors, J.
Ind. Built Environm.

Status
published

submitted,
Jul. 1998

submitted,
Jan. 1999

submitted,
Dec.
1998
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