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Abstract

Condensation Particle Counters (CPC) are research instruments that are commonly
used to measure fine, airborne particles. They are able to determine the particle
number concentration of both, the smallest nanoparticles and also larger particles in
the accumulation mode, which cannot be measured with optical methods at all or with
sufficient accuracy. In the last four decades, CPCs have been increasingly used to
determine particle number concentrations also at non-standard atmospheric pressure
in both scientific research as well as for regulatory purposes. Measurement conditions
at reduced pressure require a dedicated calibration of the CPCs to ensure correct
results. The aim of my thesis was to investigate the performance of CPCs at various
levels of low-pressure by means of a comprehensive and detailed calibration study.

In the first part, this thesis reviews details of the CPC technology, explains applications
with a need for low-pressure calibration and presents an extensive literature review of
the field. It provides a critical analysis of the papers most relevant to this research,
building on a survey of more than 60 peer-reviewed publications from the past forty
years. The literature review points to contradictions in the understanding of the
behavior of CPCs at low pressure and highlights opposing findings. In a subsequent
section, a numerical model is applied to investigate how reduced pressure conditions
impact CPC performance in theory. The model delivers a prediction of CPC counting
efficiencies as well as dgo, dso and d+o cut-sizes at various levels of reduced pressure.

The second part of this thesis describes extensive laboratory experiments and provides
a detailed analysis of the performance at reduced pressure. Two different CPC models
were calibrated for their particle counting efficiency, smallest particle size detection
limit, and concentration linearity. The calibrations were performed with test aerosols of
two very different particle sources. One of the calibration aerosols is representative of
inorganic particles in ambient air not impacted by anthropogenic activity. The other
aerosol is freshly generated soot from an inverted-flame burner, which serves as a
proxy for combustion emissions found in urban environments. Additionally, all counting
efficiency experiments were done with the relative humidity of the calibration aerosol
varied from almost dry to moderate levels of humidity. This aspect was included to
consider that humidity might play a role in the activation of particles inside a CPC.

This thesis provides new insights into the experimental method, operating parameters
and effective practices to calibrate CPCs for their use under low-pressure conditions.
Results demonstrate that in general CPCs work as specified down to a threshold
pressure. Below that point, their performance depends on the exact measurement
conditions and the specific CPC design. These findings are an important advancement
in understanding the behavior of CPCs at low pressure and can serve as guidance
when correcting the reported number concentration for the impact of reduced pressure.
They also show that a dedicated calibration of CPCs is advisable for every type of low-
pressure application that requires highly accurate particle number concentration data.






Zusammenfassung

Kondensationspartikelzahler (CPC) sind hoch entwickelte Messgerate zur Messung
feiner, luftgetragener Partikel. Sie kénnen die Partikelanzahlkonzentration sowohl
kleinster Nanopartikel als auch gréRerer Partikel im Akkumulationsmodus bestimmen,
die mit optischen Methoden Uberhaupt oder nicht mit ausreichender Genauigkeit
gemessen werden kénnen. In den letzten vier Jahrzehnten wurden CPCs zunehmend
in der Forschung sowie fir regulatorische Zwecke zur Bestimmung von
Partikelanzahlwerten bei Bedingungen auch unterhalb des Normluftdrucks verwendet.
Um korrekte Messergebnisse sicherzustellen, erfordern derartige Messbedingungen
eine entsprechende Kalibrierung. Ziel dieser Arbeit war es, die Leistungsfahigkeit von
CPCs bei Niederdruckbedingungen mittels einer umfassenden Studie zu untersuchen.

Der erste Teil meiner Arbeit befasst sich mit den Details der CPC-Technologie,
erlautert Anwendungen bei denen eine Niederdruck-Kalibrierung erforderlich ist und
prasentiert eine umfassende Literaturrecherche von mehr als 60 fur diese Forschung
relevanten wissenschaftliche Publikationen aus den letzten vierzig Jahren. Die
Literaturrecherche zeigt Widerspriiche im Verstédndnis des Verhaltens von CPCs bei
Niederdruck auf und betrachtet die zum Teil gegensatzlichen Ergebnisse. In einem
weiteren Abschnitt wird ein numerisches Modell angewendet, um zu untersuchen wie
sich ein reduzierter Druck auf das Verhalten von CPCs theoretisch auswirkt. Das
Modell liefert eine Prognose der Zahleffizienz sowie der dgo, dso und d1o Kenngréf3en
bei verschiedenen Niederdruckniveaus.

Der zweite Teil dieser Arbeit beschreibt ausfiihrliche Laborexperimente zum Verhalten
von CPCs bei reduziertem Druck. Zwei verschiedene CPC-Modelle wurden hinsichtlich
ihrer Zahleffizienz, unterer Nachweisgrenze und Konzentrationslinearitéat untersucht.
Die Kalibrierungen wurden mit Prifaerosolen aus zwei unterschiedlichen Quellen
durchgefiihrt. Das erste Aerosol ist reprasentativ fir Umgebungsluft, die nicht durch
anthropogene Aktivitat beeinflusst wird. Das andere ist frisch-erzeugter Rul® aus einem
Brenner, der hier stellvertretend fiir Verbrennungsemissionen im stadtischen Raum
steht. Des Weiteren wurden Experimente durchgefiihrt, bei denen die relative
Luftfeuchte des Kalibrieraerosols von fast trocken bis zu moderaten Werten variiert
wurde. Dieser Aspekt wurde einbezogen, um zu untersuchen, ob geringe Feuchte eine
Rolle bei der Aktivierung von Partikeln in einem CPC spielen kann.

Diese Arbeit liefert neue Erkenntnisse zu den Betriebsbedingungen und empfohlenen
Vorgehensweisen zur Kalibrierung von CPCs fur deren Einsatz bei Driicken unterhalb
der Normluftdrucks. Die Ergebnisse zeigen, dass CPCs bis zu einem bestimmten
Druckniveau wie spezifiziert messen, ihr Verhalten unterhalb dessen aber von den
genauen Messbedingungen und dem CPC-Modell abhangt. Diese Ergebnisse sind ein
wichtiger Fortschritt fur den Einsatz von CPCs bei Niederdruck und kénnen fir
Korrekturen der gemessenen Anzahlkonzentration dienen. Sie zeigen auch, dass eine
anwendungsspezifische Kalibrierung von CPCs flur Niederdruckanwendungen immer
dann ratsam ist, wenn eine hochgenaue Partikelanzahlkonzentration erforderlich ist.
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1. Introduction

The objective of this thesis is to improve on the understanding of the performance of
aerosol particle detection by Condensation Particle Counters (CPC) under low-
pressure conditions. CPCs are the instrument of choice for accurate measurements
of submicrometer particles as all other methods struggle to detect particles that small
or cannot determine their concentration without making assumptions. From several
previous studies it is known that the performance characteristics of a CPC change
when operated at low pressure. Until a few years ago this aspect was of interest only
to a small group of aerosol researchers. Yet in recent years the use of CPCs at non-
standard ambient pressures has gained in importance, with more CPCs being used
e.g. on mountaintop research sites as well as onboard aircraft. Another factor was the
emergence of particle number limit values for vehicle emission regulations and the
corresponding tests also being done at high elevation, with some engine technologies
being close to current not-to-exceed limits (NTE). These two groups of use cases lead
to an interest in application specific CPC calibrations. CPCs used to measure a
background aerosol not impacted by anthropogenic activity are ideally calibrated by
inorganic particles as commonly found in ambient air. CPCs predominately used for
the measurement of vehicle emissions or of urban air impacted by various combustion
sources are better calibrated using freshly generated soot from a laboratory flame
burner. Both of these quite different calibration aerosols are used in the extensive low-
pressure laboratory experiments in this work. Key details of the experimental set-up,
methodology and best practices to calibrate CPCs for their use under low-pressure
conditions will be explained. The performance of two different CPC models is
characterized at various levels of low-pressure down to 200 hPa. In addition, all
calibration experiments are done at different levels of relative humidity, ranging from
almost dry conditions to moderate levels of humidity. The result is a comprehensive
study of two butanol-CPCs that also considers the key ambient parameters that can
impact their performance at low pressure. The calibrations provide the CPC counting
efficiency curves for the two calibration aerosols, with their smallest particle size
detection limit as well as their concentration linearity at each of the low-pressure levels.

This thesis is structured as follows. Following the introduction, chapter 2 lays the
foundation for this work. It provides relevant background on the subject of aerosols in
general and then gives an overview of several measurement technologies suitable for
the measurement of physical aerosol characteristics. CPC instruments and their
technology are described in great detail. Key aspects of their calibration are examined
and the need for application-specific calibrations is explained based. In the following
chapter, chapter 3, a comprehensive review of the existing literature is presented. Out
of more than 60 peer-reviewed papers, the findings from studies most relevant to this
work are explained. In chapter 4, a numerical model is applied to find out how low-
pressure conditions impact the performance of CPCs in theory. The model provides
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simulated condenser saturation ratio profiles and theoretical counting efficiency curves
for several levels of reduced pressure.

Chapter 5 focuses on the experimental set-up to achieve stable conditions for all
parameters. Subsequently the instruments used in the experiment are explained and
the two aerosol generators are characterized to determine their optimum operation
conditions for CPC calibrations. Details on the data analysis procedure are given and
all corrections made are described in detail. Chapter 6 presents the results of the
calibration experiments, which represent the most comprehensive part of this work. At
first the response of CPCs to selected monodisperse sizes at low-pressure is reported.
Then the counting efficiency curves obtained during the measurements with two
particle calibration materials at several low levels of relative humidity and discrete
levels of reduced pressure are presented and discussed. The impact of low-pressure
on the total particle concentration is considered and basic impact estimates are given
for two practical scenarios. Finally, chapter 7 summarizes the findings of this work and
gives an outlook on further research opportunities.
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2. Background

This chapter provides some general background on the topic of aerosols and
information on specific aerosols of interest for this work. It gives a brief overview of
measurement techniques used for the physical characterization of aerosols, before
providing detailed explanations on the history, working principle and types of
Condensation Particle Counters (CPC). Further, key aspects of calibrating a CPC are
presented and the need for application-specific calibrations of a CPC is explained.

2.1 Aerosol and measurement techniques

The word aerosol has attracted various meanings and even different pronunciations
during its existence. In everyday language, it has been commonly used to describe a
paint, household cleaning or personal care product delivered in the form of a spray.
We also use it for medical nebulizers that deliver medicines to the respiratory tract of
a patient for therapeutic purposes. Since 2019 it gained much wider public recognition
with the emergence of the SARS-CoV-2 coronavirus and the discussion on aerosol
transmission. An important milestone in this context was the position paper on the
current state of knowledge on the transmission of the coronavirus through aerosols
and the recommendations for efficient protection against it that the Gesellschaft fiir
Aerosolforschung published (Association for Aerosol Research; GAeF, 2020).

The scientific definition of an aerosol is that of a system of solid and/or liquid particles
dispersed in air or another carrier gas. That definition thus includes naturally occurring
fogs, mists, (sea) sprays, and (volcanic) dusts but also anthropogenic emissions,
smoke, smog and a variety of aerosols made for technological applications. Aerosols
can be classified by how they are formed, typically into primary aerosols that are
generated directly and into secondary aerosols that are produced through gas-to-
particle conversion processes, for instance in the atmosphere from organic
precursors. Another perspective is the one of “good” aerosols versus “bad” aerosols
that V. H. Vincent used in his textbook on Aerosol Science for Industrial Hygienists
(1995). Here the terminology “good” aerosols include those that offer an advantage
or positive effect such as aerosols made for medical purposes, those used in
biotechnology or aerosol particles engineered for specific material properties. By that
same definition, “bad” aerosols are the ones that produce unwanted results or have
an adverse effect on key aspects like human health, visibility or the climate.

The atmospheric background aerosol in much of Central Europe consists largely of
ammonium sulfate ((NH4)2S0O4), ammonium nitrate (NH4NOs3), sodium chloride (NaCl)
and organics. In this work ammonium sulfate was therefore chosen as proxy for non-
urban ambient aerosol. Under typical ambient conditions, ammonium sulfate largely
forms as a secondary inorganic aerosol. Its precursors are ammonia emissions that
originate mainly from the agricultural sector and sulfur dioxide (SO2) or sulfuric acid
(H2S0a4). In the atmosphere, airborne ammonium sulfate particles can get coated with
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secondary organic aerosol and also act as ice nuclei (Penner et al., 2018), which
makes it climatically very relevant. In urban areas, however, and especially in
locations close to major roads, most of the particles are produced as emission from
diesel vehicles but also other by-products from the incomplete combustion of fossil
fuels. In the past decade residential wood combustion used for comfort and as
supplemental heating source has also increased in residential areas. The solid
particles emitted by motor vehicles and other combustion sources are largely of a
carbonaceous nature. Vehicle emissions typically consist of nanometer-sized soot
particles as well as various organic and inorganic components. Consequently, it was
decided to use a soot aerosol generated in the laboratory as proxy for the solid
particles from combustion sources found in urban environments.

An important feature of aerosols is that they can span a very wide range of particle
diameters, from the cluster size below 1 nm (0.001 ym) at which some of them are
born to several hundreds of micrometers. The extent of that range is illustrated by the
idealized aerosol size distribution in Fig. 1. As shown, an atmospheric aerosol can
also have a number of distinct modes, although they rarely occur all at the same time.

T II‘IIlI| L II|III|| T IIIIII|| T IIIIIII| T T T TTT0m
Mucleation
mode
Muclei or aitken
mode
Accumulation
modes
Coarse particle
mode
0.001 0.01 0.1 1 10 102

Particle diameter (um)

Fig. 1: Idealized number size distribution of an atmospheric aerosol (McMurry, 2003).

Aerosols are often classified by their particle size, using pre-fixes like nano, ultrafine,
submicron, supermicron and coarse. Incidentally, particle size is also the salient
property that defines how we can observe aerosols and characterize them by aerosol
measurement techniques. A wide range of methods exists for the measurement of
aerosols, which are described in great detail in the textbook edited by Kulkarni, Baron
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and Willeke (2011) as well as in review papers by Pui and Lui (1998), McMurry (2000)
and Pelzer et al. (2010). In a first instance, these methods can be divided into the
measurement of chemical aerosol variables and the measurement of physical
properties of the aerosol. There is a still growing choice of instruments that enable
the chemical characterization or speciation of aerosols and probably an even wider
choice of instruments that determine the physical characteristics of aerosols, such as
their particle concentration, mass, surface area, size distribution and optical
properties. The latter define how aerosol particles can absorb or scatter radiation in
the atmosphere, which is especially important for understanding their direct effect on
our climate. This work deals with the number concentration, so one of the physical
characteristics of the aerosol. Therefore, only related measurement technologies are
considered in the following brief overview.

There is no single instrument that is able to measure physical properties of airborne
particles over the entire size range that aerosols can span, in other words the five
decades from 1 nm to approximately 100 um. Typically, the different measurement
technologies are suitable for either submicron and nanoparticles or for coarse,
supermicron particles with little overlap between them. In consequence, my personal
preference is to group them into methods that are suitable for the measurement of
nanoparticles and all other particles that are less than 1 ym in diameter, and those
best suited to measure particles of sizes predominately larger than that size. The
various measurement techniques also deliver different information about the aerosol,
which is why often a combination of measurement instruments is needed. If we limit
our consideration to submicrometer-sized particles, of which nanoparticles form a
subset, then it is important to realize that this size fraction of the aerosol is the one
that is the most difficult to measure. One reason for that is the small size of these
aerosol particles, which means that they possess very little mass and also do not
scatter much light. Yet these are precisely two of the common properties utilized to
measure larger particles. For that reason, submicron particles require a unique set of
tools for conditioning, sampling and the actual aerosol measurement. In other words,
what is needed for their measurement are techniques that can deal with the
challenging optical detection and low mass of submicron particles but also their
typically high mobility.

Already since the 1800s a family of instruments that relies on the inertial separation
and classification of particles has been used for offline measurements (Marple, 2004).
Nevertheless, it was only the Berner impactor that made them an appropriate choice
also for nanometer-sized particles. In Berner's design, a pressure drop was
implemented in the lowest impactor stages to facilitate the collection of
submicrometer particles as small as 82 nm (Berner et al., 1979). More refined
versions of such low-pressure impactors were introduced some ten years later. The
Micro-orifice Uniform Deposit Impactor (MOUDI) uses 2,000 micro-nozzles in its final
stages to collect particles as small as 56 nm (Marple et al., 1991; MSP Corp.,
Shoreview, MN, USA). In parallel, Hillamo and Kauppinen (1991) compared different
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units of the Berner impactor and found significant differences between supposedly
identical impactors caused by manufacturing tolerances. Once optimized, their
impactor version could achieve a collection of particles down to a lower limit of 32 nm,
which resulted in the commercial Finnish low-pressure impactor design (Dekati Oy,
Tampere, Finland). The drawback of this technique for atmospheric measurements
is that a sufficient mass of particles has to be collected typically over several hours,
so the resulting size distribution represents an average over the measurement period.

If nanoparticles are to be examined in real-time, then a great variety of measurement
techniques are available as well. One way of further classifying them is into
techniques used for detecting particles of that size and into those methods that enable
the measurement of complete particle size distributions, as shown in Fig. 2. In this
overview chart, the techniques used in this work have been identified by the blue
frames. All other measurement techniques and their acronyms will be briefly
explained later in this chapter.

Real-time Measurement of
Submicrometer Particles

Detection Sizing
Number Net Surface A . e
. Particle size distribution
concentration charge area
¥ ¥ i ¥ 1 i ] i ]
Condensation Electrometer Diffusion Mobility analysis Impaction
technique technique technique technique technique
i 1 { ! 1
Charger CPC Electrom. CPC Electrom.| | Electrom.
i 1 1 i {
Alcohol Water Aerosol NSAM, Diffusion || DISCmini, DMPS, FMPS, ELPI
CPC CPC Electrom. || Partector battery EDB SMPS EEPS

Fig. 2: Measurement techniques for the real-time measurement of submicrometer particles
and overview of some corresponding instruments (O. F. Bischof, own classification).

The group of “detectors” can be classified into instruments that measure the number
concentration of the aerosol, its surface area or total net charge. The first is
accomplished by the condensation growth technique implemented in the
Condensation Particle Counter (CPC) that is the very subject of this study, which is
undoubtedly the most important instrument for measuring nanoparticles and
explained in great detail in chapter 2.2. The surface area and total net charge can be
measured by instruments based on the electrometer technique, either with or without

15



an additional charger. Aerosol electrometers that measure the total net charge can
be used as a particle number concentration reference when the charge of the particles
is known, as will be explained in chapter 5.2.3. When combined with a diffusion
charger, they can be used to measure the lung deposited surface area (LDSA) of
nanoparticles (Shin et al., 2007; Fierz et al., 2014) as realized in the Partector device
(Naneos Particle Solutions GmbH, Windisch, Switzerland).

As regards the group of submicron “particle sizers”, they always rely on a combination
of size classifying the particles first and then measuring the concentration of the
classified particles with one of the aforementioned detection techniques afterwards.
If the size classification of the particles is done by the diffusion technique, then the
underlying mechanism is the Brownian motion that nanoparticles undergo and the
collisions caused by an increasing number of diffusion screens. If combined with a
CPC as the detector, it becomes a classic diffusion battery as it has been used since
the 1970s (Knutson and Sinclair, 1979). The diffusion technique can also be used
with an electrometer detector, which requires that particles are first charged by
attaching ions to them (Fierz et al., 2002). A very common instrument of this type is
the miniature diffusion size classifier, which utilizes a unipolar diffusion charger, a
diffusional precipitator and a two-stage electrometer detector (Fierz et al., 2011;
DiSCmini, Testo SE & Co. KGaA, Lenzkirch, Germany).

Instruments that rely on the electrical mobility classification of particles became
commercially first available in 1967, when the Whitby Aerosol Analyzer (WAA, TSI
Inc.) was developed. In 1974, it was replaced by the much more compact electrical
aerosol analyzer (EAA, TSI Inc.). The EAA was originally intended for atmospheric
aerosol measurements but quickly found its use also in engine exhaust research
(Sem et al., 2010). The EAA is the immediate predecessor of the Differential Mobility
Particle Sizer (DMPS) and Scanning Mobility Particle Sizer (SMPS) systems that are
used very widely today. Especially the SMPS has become the most important
instrument for measuring size distributions of submicrometer particles from as small
as 1 nm and up to 1 ym. Both the DMPS and the SMPS use the same hardware,
which is a combination of an aerosol neutralizer, a differential mobility analyzer (DMA)
and a CPC as the detector. In the aerosol neutralizer, a sealed radioactive or soft X-
ray source is commonly used to produce both positive and negative air ions that are
attracted to the oppositely charged aerosol particles while these pass through.
Provided the residence time inside the neutralizer is sufficient, the particles acquire a
well-defined equilibrium charge level, which is a pre-condition for their size
classification in the electric field in a DMA. Inside the DMA, the particles initially follow
the sample flow until, depending on the voltage applied to the central electrode and
their electrical mobility, a well-defined part is extracted through a slit in the center
electrode (Pelzer et al., 2010). The difference between DMPS and SMPS is the mode
of operation and the size resolution, as in a DMPS the voltage is changed step-wise
while in the SMPS it is scanned continuously (Wang and Flagan, 1990). The scanning
mode of operation reduces the measurement time from typically 5 to 10 min down to
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practical scan times of 45 to 90 sec. Even faster high size resolution measurements
of as little as 3 to 5 sec have been possible since the introduction of the newest
generation of Nano-SMPS (Trostl et al., 2015; TSI Inc., Shoreview, MN, USA).

Lastly, there is a group of fast sizers that have gotten much attention with the
increasing interest in the measurement of vehicle emissions during transient test
cycles as are standard in the automotive industry. One group of them is based on an
“inside-out” DMA, in which the size-classified particles are not attracted to a center
rod and classified there, but rather repelled outward. The concentration per size class
is then measured by a stack of parallel, insulated electrometers that surround the
DMA column. This enables the measurement of nanoparticle size spectra with a size
resolution of 16 channels per decade and a high time resolution of 1 Hz as in the Fast
Mobility Particle Sizer (FMPS, TSI Inc.) or even 10 Hz as in the Engine Exhaust
Particle Sizer (EEPS, TSI Inc.) and the Differential Mobility Spectrometer (DMS500,
Cambustion Ltd., Cambridge, UK). The fundamental difference between the EEPS
and the DMS500 is the operation at ambient pressure versus low pressure, which is
of importance for volatile particles and also results in a different size range.

The Electrical Low-Pressure Impactor (ELPI, Dekati Oy) also belongs to the category
of fast sizers as it can report second by second size distributions of transient particle
emissions (Maricq et al., 2000). Its measurement principle is based on the inertial
classification in a 12 to 14 stage low-pressure impactor and the detection by an equal
number of electrometers that are one-by-one connected to the impactor stages.

2.2 Condensation Particle Counter

A Condensation Particle Counter or CPC for short is a scientific instrument that is
used to measure the number concentration of aerosol particles smaller than a few
micrometers. It enables the measurement of single particles with a lower particle size
detection limit between 3 and 10 nanometers in diameter for the most common
models. The original name Condensation Nucleus Counter comes from cloud physics
where condensation nuclei are precursors to the formation of cloud droplets. Its
operational principle is based on the condensation technique that makes tiny,
nanometer-sized particles physically larger for an easier optical detection.

In principle, any CPC utilizes these three steps:

1) Saturation: Supersaturated vapor is formed inside the CPC instrument from its
working fluid;

2) Condensation: The vapor is made to condense on the surface of the tiny
particles that are to be measured. Hereby they act as nuclei in the formation
of optically much larger droplets;

3) Detection: The enlarged particles scatter light when they pass a laser beam
inside the instrument optics. A photodetector detects pulses generated by the

17



scattered light each time a particle passes through the laser beam. Lastly, a
signal processor converts that signal into particle counts.

The steps of the CPC measurement technique can be visualized as shown in Fig. 3.

1) Saturation | 2) Condensation 3) Detection

Fig. 3: Visualization of the growth of a small aerosol particle into a larger droplet as
implemented in the CPC technique (adapted from internal material of TSI Inc.).

In an actual CPC instrument, this process is implemented as follows. The aerosol
sample flow enters the CPC and then passes through the saturator where it is
exposed to a vapor that is generated from the CPC’s working fluid in a controlled
manner. In butanol- or isopropanol-based CPCs that saturator is heated to a precisely
controlled temperature, so the liquid alcohol forms a vapor that diffuses into the
sample flow. Subsequently the aerosol particles and the surrounding alcohol vapor
enter the condenser section where they are cooled so the vapor gets supersaturated.
The vapor then condenses heterogeneously onto the aerosol particles, which in a
butanol CPC happens at very high supersaturations of approximately 100 to 200%.
The operating parameters are chosen carefully to remain below the critical
supersaturation (typically around 300%) at which droplets would form by
homogeneous nucleation. Hereby the thermal diffusivity of the working fluid vapor is
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important and its ratio to the vapor diffusivity must be high so condensation of the
vapor occurs on the particles rather than on the cold walls of the instrument.

In an ideal CPC, the vapor condenses on all particles larger than the CPC’s lower
detection limit. The critical particle diameter at which condensation takes place at the
present supersaturation level, which equals the smallest particle size detection limit
or dso cut-off size of the CPC, should correspond to the Kelvin diameter dx from
activation theory:

4M*6q 1
= *
R*pLxT InS

k (2.1)

where M is the molecular weight, &s the surface tension and p. the density of the
working fluid; R the universal gas constant, T the temperature and S the saturation
ratio. The Kelvin diameter dk is thus assumed to be the diameter of a pure droplet of
the working fluid that is in equilibrium with the vapor of that fluid at the saturation ratio.
Particles with a size below the Kelvin diameter dk remain inactivated while particles
of that very size or greater grow into much larger droplets. The grown droplets are of
a nearly uniform size in the small micrometer range that is largely independent of the
original particle diameter. The outright validity of the Kelvin equation to determine the
critical activation diameter has been questioned over the years (Kulmula et al., 2007;
Winkler et al., 2008) and it has been shown to have a shortcoming as it does not
consider the role of a particle’s chemical composition (Giechaskiel et al., 2011b).
Nevertheless, it is still widely used as it is a convenient descriptive method.

Once the particles are grown into droplets they are easily detectable with conventional
optics. In an alcohol-based CPC the instrument optics are typically heated as well.
They consist of a laser diode light source, a collimating and a focusing lens, a
measurement zone, and receiving optics with a photodetector. As the droplets pass
through the laser light, each droplet scatters light as it passes through the laser. The
scattered light is focused onto the photodetector that converts the light-scattering
signal into an electrical pulse. Each of the pulses corresponds to an individual particle
and is counted, which is recorded and processed into the particle number
concentration of the aerosol by the instrument’s firmware. An example for how this
operation is implemented in an actual CPC is given in the schematic in Fig. 4.
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Fig. 4: Operating principle of a typical laminar flow, butanol CPC (Schematic courtesy of TSI
Incorporated, Model 3790 EECPC Operation and Service Manual).

In a single-particle counting CPC, this is everything that is needed to determine the
particle number concentration. However, at higher concentrations particle coincidence
leads to undercounting. The exact concentration at which this occurs depends on the
CPC model but typically it will happen between 10,000 to 50,000 P/cm?3. Some CPC
models apply a continuous, live-time coincidence correction but it is also possible to
make manual coincidence corrections as explained in chapter 5.4.1. It should be noted
that some CPC models switch into an additional photometric mode for high
concentrations. Such models are not considered in this work as that mode is
fundamentally less accurate.

In each CPC instrument, there are a number of critical parameters that ensure an
accurate measurement, which are the operating temperatures of saturator Tsa,
condenser Tcon and optics Topt; the sample flow rate gaze as well as the threshold
setting for optical detection. The performance of the CPC is typically characterized by
its counting efficiency curve. That curve displays its lower detection limit, which is the
dso cut-off size of the CPC, and the asymptotic maximum efficiency. More recently
also its characteristic d1o and deo diameters have gained importance. Last but not least
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also the particle concentration linearity is considered to ensure there are no
concentration-dependent effects that impact the accuracy of the CPC measurement.

2.2.1 History of CPCs

The technique that eventually formed the basis for the measurement of the smallest
aerosol particles was originally developed for another purpose. Already in 1875 Paul-
Jean Coulier described his experiments in a chamber that demonstrated that
condensation of water onto airborne dust particles occurs when the air is expanded.
Five years later, John Aitken described experiments with water-saturated air that he
conducted independently of Coulier's work that were in fact almost the same. Aitken
then went on to implement his findings in an experimental set up primarily designed
to measure dust particle concentrations in outdoor atmospheres. His invention used
a pump to cool the air saturated with water by adiabatic expansion, and counted the
resulting droplets as they fell onto a counting grid. This work resulted in the first very
basic expansion-type condensation nucleus counter (CNC) in 1890, which he kept
refining over the years. It took almost five decades for adiabatic-expansion CNCs to
undergo additional developments of significance. These included the inventions of
Bradbury and Meuron (1938) as well as of Nolan and Pollak (1945) that introduced
light sources and electrical photodetectors to measure the light attenuation.

CPCs as we know them today are diffusional, thermal-cooling instruments that first
saturate the sample flow with alcohol vapor as it passes over a heated pool of liquid
alcohol. The design of modern-day instruments is credited to the work of Bricard et
al. (1976) at the Laboratory of Aerosol Physics of the University Paris VI and a
landmark paper presented by Agarwal, Sem, and Pourprix at the International
Conference on Atmospheric Aerosols, Condensation and Ice Nuclei, in Galway,
Ireland, in 1977 (Agarwal et al., 1981). The instrument they designed was capable of
counting single aerosol particles larger than approximately 20 nm in diameter in real
time. Their instrument design was implemented in the world’s first continuous-flow
CNC that was no longer a research project but an effortlessly usable instrument,
which became commercially available from 1979 onwards (CNC Model 3020, TSI
Inc.). Later papers by Agarwal and Sem (1980) and Agarwal et al. (1981) provided
further details. It should be noted that around the same time Kousaka and co-workers
at the University of Osaka Prefecture in Japan introduced another continuous-flow
technique, which they referred to as mixing type condensation nucleus counter
(Kousaka et al., 1982). In this design, two vapor-saturated flows undergo turbulent
mixing. Here, one of the flows is heated while the other one is cold, in order to rapidly
cool and supersaturate the vapor. Mixing CNCs found far less widespread use but
are still built and used today.

The choice of commercially available diffusional thermal CNC models grew in 1988
with the introduction of the model 3022 and in 1989 with the model 3025 (both by TSI
Inc.). The latter was the first ultrafine CNC and based on Stolzenburg’s PhD thesis
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work (1988). It was also in 1988 that TSI Incorporated started changing the name of
its products from condensation nucleus counter to condensation particle counter or
CPC, as the company wanted to emphasize that these instruments count all particles
in their specified size range instead of only the nuclei. This is an important distinction
from devices used to study atomic nuclei in the field of nuclear physics as well as
from instruments that measure atmospheric cloud condensation nuclei (CCN). Credit
for promulgating this change in terminology goes to Pat Keady and her presentation
at the AAAR Annual Meeting in Chapel Hill, NC, in 1988. With the launch of the CPC
model 3010 in 1992, TSI started to use the term CPC exclusively. Since then it has
de facto become the only name for this instrument class and one that is used by all
manufacturers, researchers and industrial users today. Aside from the above historic
references, | will therefore only refer to these instruments as condensation particle
counters or CPCs in this thesis.

2.2.2 Alcohol-based CPC instruments

The design of alcohol-based CPCs has been largely described in the beginning of
chapter 2.2 already. While it may seem that a number of alcohols could be used in
theory and are occasionally promoted as options in so-called “flexible working fluid
type” CPCs, only two alcohols are commonly used in practice. N-butyl alcohol
(C4HyOH), better known as butanol, is by far the most frequent one. It is a colorless,
neutral liquid of medium volatility at room temperature. The advantage of butanol is
that inside a CPC it achieves supersaturations above 100% at moderate
temperatures of 35 to 40°C. Butanol offers the benefit of a mass diffusivity of just
0.081 cm?/s, which is considerably smaller than the 0.215 cm?/s for the thermal
diffusivity of air. Depending on CPC geometry, flow or model, that supersaturated
butanol vapor can be made to condense heterogeneously onto the particles inside
the condenser at moderate temperatures of 10 to 25°C. The disadvantages of this
working fluid are its disagreeable odor and that extended exposure to butanol vapor
may result in ocular irritation, mild soreness of the nose and slight headaches. For
this reason, it is good measurement practice to vent the CPC exhaust to the outside
air during laboratory experiments. However, butanol vapor might disturb any
measurement of Volatile Organic Compounds (VOC) conducted simultaneously in its
proximity, e.g. in an atmospheric monitoring station. In such cases it is recommended
to use either activated carbon or catalytic vapor filters to adsorb the butanol vapor.

The other alcohol that is frequently used as CPC working fluid is isopropyl alcohol
(C3HsO), which is more commonly referred to as isopropanol or IPA for short.
Isopropanol is a colorless liquid that forms supersaturated vapor at saturator
temperatures of about 30°C and condenses onto the particles at condenser
temperatures of about 15 to 20°C. Moreover, it is a volatile liquid, so it evaporates
quickly in ambient air. One of the main downsides of isopropanol is that it is infinitely
hygroscopic, so it has the tendency to absorb water from the humidity of the air over
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time. It should in consequence not be used as the working fluid of choice when
sampling humid air over extended periods without proper sample conditioning.

2.2.3 Water-based CPC instruments

In fact, the best working fluid to measure atmospheric aerosols would be water. Water
offers the advantage of being odorless, non-flammable, and non-toxic, making it a
promising candidate to be used in the condensation-based measurement technique
for particle counting. Water-based CPC instruments (WCPC) also offer the benefit
that they can be used in locations such as schools, homes, workplaces, and even
manufacturing clean rooms. Yet it took more than one hundred years from the work
of Coulier and Aitken in the late 19™ century until water found a wide-spread use in
continuous flow CPC instruments. It was only in 2004 that Susanne Hering and Mark
Stolzenburg patented a method for producing a diffusive, continuous laminar flow for
particle growth via condensation of water vapor (U.S. Patent 6,712,881). In actual
WCPC instruments, their idea was implemented as presented in Fig. 5.
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Fig. 5: Operating principle of a water-based CPC (Schematic courtesy of TSI Incorporated,
Model 3783 Manual).

The invention of Hering and Stolzenburg permits the use of water as the working fluid
in a continuous flow device without having to rely on mixing or adiabatic expansion.
In their design, it is the saturator that is cooled, followed by a warm growth tube acting
as condenser — so the temperatures are reversed from how they are used in a
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conventional alcohol-based CPC. Their work led to the first generation of
commercially available water-based CPCs, the WCPC 400 (Quant Technologies
LLC, Blaine, MN, USA), and the subsequent first generation WCPC models 3782,
3785, and 3786 from TSI Inc.

In the original WCPC design, a single wick covers the internal walls of both the
saturator and the condenser section, which were called the conditioner and the
growth tube at that time. The wick consists of a porous medium that is hygroscopic in
order to wet the inner walls with water. After entering the conditioner, the aerosol
sample flow is saturated with water vapor to nearly 100% relative humidity and is
equilibrated to temperatures in the range from 10 to 20°C, depending on the WCPC
model. The sample flow then passes to the subsequent growth tube where the wet
inner wall is heated to elevated temperatures between 50 to 80°C in order to raise
the vapor pressure for condensational growth. The WCPC thereby utilizes one
fundamental characteristic of water vapor, which is its high mass diffusivity of 0.265
cm?/s. Indeed, the diffusion of the water vapor to the centerline of the sample flow is
faster than the heat flux from the walls. The result is a maximum supersaturation
condition in the centerline of the aerosol stream. The aerosol particles in the flow then
act as nuclei and grow through heterogeneous condensation into larger droplets as
they continue through the growth tube. After the growth area, the now enlarged
droplets enter the optics section where they pass through the laser beam generated
by a laser diode. Each time a droplet passes through the laser it scatters light, which
is detected by a silicon photodetector. As described earlier, the photodetector then
converts that signal into an electrical pulse that is counted. This approach has been
implemented in the second generation of WCPCs that have been used for
approximately the past twelve years (Models 3783, 3787 and 3788; TSI Inc.).

In the paper by Kupc et al. (2013) a group of researchers from University of Vienna
and TSI determined a dso cut-off diameter of 2.7 nm for a model 3788 Nano-WCPC
when measuring an atomized NaCl aerosol versus a 2.8 nm cut-off size for an
equivalent ultrafine butanol CPC (Model 3776, TSI Inc.). The counting efficiency of
the WCPC was also only slightly different for electrosprayed proteins (albumin,
ubiquitin, and ferritin). Yet, they also observed a different response of the WCPC for
laboratory-generated candle aerosol, clean emery oil (EO) and silver particles. These
are all substances with a lower affinity for water that have also resulted in a much
larger cut-off diameter in water-based CPC instruments previously (Hermann et al.,
2007). These results have demonstrated that particle composition can have a
significant influence specifically on the smallest particle size detection limit, the
instrument’s counting efficiency, and also the linearity response of a WCPC.
Nonetheless, water-based CPCs have been shown to perform very similarly to
equivalent butanol CPC models for salt (NaCl), ammonium sulfate and sucrose
aerosols. In particular when used for the measurement of ambient aerosols they are
equivalent and often preferable to butanol. This is for example the case when WCPCs
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are operated in routine monitoring networks such as the one of the South Coast Air
Quality Management District (SCAQMD) in Southern California, USA.

More recently, Susanne Hering et al. (2014) introduced a 3-stage measurement
approach for laminar-flow WCPCs that they called the moderated design. In this new
concept the conditioner stage is unchanged but the original growth tube that was
heated by one defined temperature has been replaced by a new growth section that
consists of two stages. The first of these stages is a short section that is warm and
wet-walled. It is called the initiator, which determines the supersaturation of water
vapor at the center flow line. It is followed by a longer stage called the moderator that
is cool and wetted, which can be set to a temperature that provides a desired dew
point. This 3-stage design is approximately of the same total length as the wick in the
original WCPC. This approach results in much less water vapor contained in the flow
passing through the optics. Another key benefit is that the flow leaving the moderator
is noncondensing at temperatures equal to and greater than 18°C, making the
instrument more resistant to pressure changes and less prone to water condensation
in subsequent sections of the instrument. This third generation was first implemented
in the “Moderated, Aerosol, Growth with Internal water Cycling” or in short “MAGIC”
CPC (Model 210, Aerosol Devices Inc.). In 2020, a custom design developed by
Hering and co-workers at Aerosol Dynamics Inc. for NASA has even flown into space
and provided five months of continuous measurement data from the International
Space Station (ISS). The moderated design is also used in the aptly called versatile
WCPC (VWCPC, Model 3789, TSI Inc.), which features a selectable lower cut-off
diameter. Under laboratory conditions, the vVWCPC can be operated so it can detect
particles that are less than 2 nm in diameter (Hering et al., 2017). Unfortunately, these
third-generation models only became commercially available just before the end of
this experimental work and were therefore not included in this study.

2.3 CPC calibration

From a metrology perspective, a calibration is defined as an operation that takes
place in two steps under well-specified conditions. “In a first step, it establishes a
relation between the quantity values with measurement uncertainties provided by
measurement standards and corresponding indications with associated
measurement uncertainties. In a second step, it uses this information to establish a
relation for obtaining a measurement result from an indication” (JCGM, 2012). In order
to calibrate a CPC, it is critical to determine its counting efficiency curve, lower
detection limit and sometimes also the efficiency at additional cut-sizes. Instrument
manufacturers generally perform the initial calibration in order to assure and certify
that each new instrument they manufacture meets the published specifications and
other performance criteria for the specified use. The manufacturer will also calibrate
instruments after service and maintenance work to recertify the instruments’
performance. In addition, qualified third parties such as national metrology institutes
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and calibration centers conduct calibrations as well. As importantly, experienced
users have an interest in conducting calibrations before measurement campaigns or
in order to validate the performance of their instruments under specific operating
conditions. The latter is the subject of this thesis in which the performance of
Condensation Particle Counters at reduced pressure is investigated.

2.3.1 CPC calibration guidelines and standards

Less than 25 years ago the Verein Deutscher Ingenieure (VDI, Association of German
Engineers) published a particulate matter measurement guideline that stated that a
Condensation Particle Counter “is an absolute counter” and that “its count mode
needs no calibration” (VDI 3489, 1995). While there were reasons for making such a
statement at the time based on the robustness and relative independence of that
measurement compared to other methods, the accuracy of a CPC especially close to
its detection limit depends strongly on a variety of ambient parameters that can
influence its activation parameters and optical detection performance. In 2008 VDI
considered this when they replaced their original CPC guidance with the newer
guideline VDI 3867, part 2. In 2015, the International Organization for Standardization
published an international standard that describes the calibration of CPCs from a
metrology perspective (ISO 27891). This standard describes two main calibration
methods: 1) by comparison with a reference aerosol electrometer and 2) by
comparison with a reference CPC instrument. The lengths of the sample tubing to
either of these instruments must be identical or be adjusted proportionally to any
differences in flow rate to keep diffusional losses the same. For experiments in this
thesis, it was decided to use the comparison against an aerosol electrometer as the
primary calibration method as it represents a reference method that itself is
independent of the CPC. This can be considered as the most accurate procedure
when making sure all necessary corrections have been made. The electrometer was
used to measure reference concentrations from a few hundred up to one million
particles per cubic centimeter. Since at least two CPCs were always used
simultaneously, it provided the additional possibility to also compare the CPCs
against one another. Interestingly, ISO 27891 allows the use of a wide range of
particle calibration materials and primary aerosol generation methods, even though it
recognizes differences in CPC detection efficiency between different calibration
materials. Instead, ISO 27891 puts an emphasis on possible differences in particle
losses between the CPC under calibration and the reference instrument as well as
the potential effect of multiply-charged particles.

2.3.2 Fundamentals of CPC calibration

In principle, a CPC calibration is always done by generating a well-defined test
aerosol that provides a stable particle number concentration over the calibration
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interval and then measuring simultaneously with the instrument under calibration and
a reference instrument. While the Scanning Mobility Particle Sizer (SMPS) introduced
in chapter 2.1 might seem to be a possible reference due to its ability to directly
measure complete size distributions in the required size range, it is not used for
several reasons. One of these is that for particle sizes below 20 nm, the fraction of
charged particles in the charge equilibrium required for its operation is very low
(Wiedensohler, 1988). This results in very poor counting statistics at these small sizes
at scan times used in SMPS operation. Another is the significant length that particles
have to travel inside an SMPS until they are detected, resulting in diffusion losses of
again the smallest particles that would introduce elevated uncertainties during the
calibration. Moreover, the SMPS includes a CPC as its concentration detector, so it
is not an independent method and could not serve as a primary aerosol standard.

Liu and Pui (1974) first described a detailed method for the primary calibration of
CPCs in their landmark paper on a submicrometer aerosol standard. Their calibration
system provided the first universal technique to produce calibration aerosols of known
particle size, composition, and number concentration. In their method, they generated
the challenge aerosol by first atomizing a salt (NaCl) solution to form a polydisperse
aerosol. This aerosol is subsequently dried, brought into charge equilibrium by
passing through an aerosol neutralizer and size-classified by a Differential Mobility
Analyzer (DMA) to produce monodisperse particles in a range from 0.01 to 0.5 ym in
diameter. A flow splitter divides the aerosol downstream of the DMA, so that the CPC
under calibration and a sensitive aerosol electrometer are measuring the same
calibration aerosol side by side. The aerosol electrometer's number concentration
Naem is then determined using the following equation:

I
Nagy = ——— (2.2)
np * ge*e

where [ is the current measured by the electrometer, n, the number of elementary
charges per particle, qe the volumetric aerosol flow rate into the electrometer filter,
and e the elementary unit of charge of 1.6 x 10-'° coulomb.

The main benefit of this calibration method, and likely the reason why Liu and Pui
referred to it as “primary, absolute calibration”, is that it provides a procedure that is
independent from the measurement method utilized in a CPC in the first place. A
limitation of the method by Liu and Pui is the presence of multiple charges in the DMA-
classified aerosol as explained in chapter 2.4.3. The aerosol is thus not truly
monodisperse across the entire size range, which requires corrections to the
electrometer’'s number concentration. An equally important aspect is the particle
concentration range obtained after size selection by a DMA during the aerosol
generation. Concentrations of around one hundred particles per cm? (P/cm?3) are too
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low for electrometer measurement due to its inherent signal-to-noise ratio. On the
other hand, high particle concentrations in the hundred thousand particles per cm?
can exceed the upper concentration limit of a CPC and lead to coincidence errors that
also require correction as explained in chapter 5.4.1.

2.4 Traceable CPC calibration

As explained before, a calibration ensures the measurement accuracy of a CPC
compared to a known standard or reference. A fundamental improvement on the
method introduced by Liu and Pui is the consideration of traceability, especially for
regulatory measurements. The traceability of the calibration method described in the
previous chapter largely depends on the accuracy of the DMA to produce truly
monodisperse particles and the precision of the particle concentration measurement
by the aerosol electrometer. | was part of a team at TSI that has demonstrated the
traceability of a CPC calibration 17 years ago. We published our method in an SAE
paper (Liu et al., 2005), in which an electrospray aerosol generator in combination with
a Nano-DMA was introduced to the calibration setup, see Fig. 6.
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Fig. 6: Experimental setup for the traceable calibration of CPCs using an electrospray
aerosol generator and an electrostatic classifier with a Nano-DMA (Liu et al., 2005).

In that study it was shown that CPCs can be calibrated with a very high accuracy so
they meet even the rigorous performance demands of regulations for the automotive
industry. We successfully demonstrated the traceability of that calibration method to
the standards of the United States National Institute of Standards and Technology
(NIST). The advantage of an electrospray for aerosol generation is that it can produce
high concentrations of uniform, already monodisperse particles down to sizes as
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small as 2 nm and up to 150 nm. Varying the particle size that gets produced is
difficult, however, so the Nano-DMA (Model 3085, TSI Inc.) was included to select the
monodisperse size of choice. An important additional benefit of generating calibration
particles by electrospray and size-selecting them with a Nano-DMA is that the
resulting size distributions lead to the fraction of multiply-charged particles being
negligible. It was demonstrated that the traceability of the Nano-DMA depends on its
geometric dimensions, the flow rates used and the voltage applied to its center
electrode. The Nano-DMA’s geometric parameters were measured with a NIST
traceable micrometer and bore gauge, and its sheath and monodisperse flow rates
with a NIST traceable flow meter. Finally, a NIST traceable kilovolt divider was used
to calibrate the high voltage provided to the center rod of the DMA. The uncertainty
analysis of the Nano-DMA resulted in combined uncertainties of 1.45% + 0.02% for
small-sized calibration particles between 16 and 37 nm in diameter.

In the same study the traceability of the aerosol electrometer used as reference
(Model 3068B, TSI Inc.) was also determined. Firstly, the aerosol flow rate entering
the electrometer was measured with a NIST traceable flow meter. Secondly it was
shown that the size-classified calibration particles were singly-charged by performing
a size distribution scan using a Scanning Mobility Particle Sizer (SMPS) system.
Thirdly, the number concentration Naem of the aerosol electrometer was derived from
the current signal by using the resistance of an embedded high-gain amplifier (R) to
convert it into a voltage. Lastly, it was verified with the manufacturer that the
embedded resistor R was measured using a NIST traceable standard, ensuring that
its resistance was within £ 1% of its nominal value.

Although this traceable CPC calibration method is used globally in the automotive
industry to calibrate Particle Number Counters (PNC) for tailpipe emission
measurements today, it does have some limitations for other applications. The main
constraint is that the electrospray was designed to generate particles from conductive,
low-concentrated aqueous suspensions. Emery oil or polyalphaolefin (PAO, CnHzn+2)
by its chemical name, which is widely utilized for PNC calibrations, consists mainly of
C30 and C40 polyolefins. It is thus typical of compounds found in the lubricating oil
used in combustion engines, but not of particles commonly found in ambient air.
Additionally, the annual calibration of automotive PNC instruments is limited to the
counting efficiencies at only two particle sizes of 23 nm (£ 1 nm) and 41 nm (£ 1 nm)
as well as a linearity measurement for a minimum of six concentrations across the
instrument’s single particle counting range (UN-ECE, 2015).

2.41 CPC counting efficiency and smallest size detection limit

The particle size-dependent counting efficiency is one of the key characteristics of a
CPC. It is calculated as the ratio of the corrected number concentration of particles
detected by the CPC under calibration to the corrected number concentration
measured by a reference instrument. This is done for all representative particle sizes
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across a specified size range. In an ideal CPC, the counting efficiency would be 100%
or 1 for all diameters, yet the CPC detection efficiency varies with particle size in real
instruments. In particular, it drops steeply at smaller particle sizes, resulting in a
sigmoid response. That characteristic S-shaped counting efficiency curve is presented
in Fig. 7., with the dotted lines visualizing the size of particles having 50% activation
efficiency. The best performance compared to the reference is seen for particle sizes
of 12 nm and larger, while it is poorer for particles nearer and below the CPC’s lower
detection limit. The reason for that is that the smallest particles are more difficult to
activate for condensational growth and are also more strongly impacted by diffusion
losses. The precise shape and the slope of the counting efficiency curve depends on
the specific CPC’s internal design. Factors like full versus split or capillary flow models,
the difference between the operational temperatures, optical detection settings and
the type of working fluid all influence it.
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0 10 20 30

Particle Diameter [nm]

Fig. 7: Example of the counting efficiency curve of a butanol CPC (Model 3772-CEN, TSI
Inc.) for ammonium sulfate particles (data from this work).

An equally important characteristic of a CPC is its smallest size detection limit. This
characteristic diameter is defined as the particle size at which the counting efficiency
is precisely 50%, so the data point on the efficiency curve where exactly half of all
particles present are detected. For that reason, a CPC’s lower detection limit is
typically referred to as its dso cut-off diameter. It is important to understand that the
detection efficiency at or near this cut-off size can be influenced by the chemical
composition of the particles being measured (Hermann et al., 2007; Kangasluoma et
al., 2014), which should have consequences for the particle material selected for
calibration. It is for this reason that two rather different calibration aerosols were used
in this work to take a possible material dependence into account: inorganic, polar
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ammonium sulfate and freshly-generated, nonpolar soot. These choices and the
corresponding calibration methods will be explained in chapter 5.3 in more detail.

While only the lower detection limit is always determined during a CPC calibration,
the detection efficiency at other diameters can be of importance as well. The need to
calibrate a CPC at additional diameters is specified in standard operating procedures
or specific regulations. One example is UN-ECE Regulation 83 which determines the
measurement of the particle number (PN) emission during the type approval of
passenger cars in Europe (UN-ECE, 2015; Bischof, 2015). This regulation mandates
the measurement of the total number of all particles greater than 23 nm + 1 nm in
diluted exhaust emissions over a drive cycle, which effectively can only be measured
with a CPC. In addition to this increased cut-off diameter, it also specifies a counting
efficiency limit for particles with a diameter of 41 £ 1 nm, the so-called “d41”. CPCs
used for measurements complying with this regulation therefore also need to be
calibrated at 41 nm and demonstrate an efficiency of greater than 0.90 at that size.

2.4.2 Concentration linearity

The concentration linearity of a CPC represents its measurement response to changes
in the total particle number concentration when comparing it to a reference instrument.
The interrelated proportionality of a CPC over a defined concentration range can be
verified by producing a calibration aerosol at several concentration levels, which is
then measured simultaneously with the CPC under calibration and the concentration
reference. In this work that reference is an aerosol electrometer. The reference
concentrations obtained are then used for a linear regression, so that the slope or the
R? value expresses the CPC'’s linearity response. Depending on the CPC model, the
proportional counting performance of the instrument can be verified without the need
for dilution over a typical concentration range from a few 100 to 10* or even 10% P/cm?.
Above these concentrations, dilution with HEPA-filtered air normally becomes
necessary. As can be seen in Fig. 8, CPCs are highly linear devices when operated in
their count mode at ambient conditions.

In this example graph, the CPC 3772-CEN follows the linear regression very well
between about 0 and 25,000 P/cm?, with an almost ideal R? value of 0.9998 and a
slope of 1.0178. A common approach to determine the linearity of a CPC is to either
vary the concentration of a monomodal polydisperse aerosol or of only one specific
particle size by using a proportional dilution bridge. UN-ECE Regulation 83 actually
is an example for the latter method as it mandates that the linearity test is done with
a particle size of 50 nm or larger for six or more particle concentration levels spaced
uniformly across the CPC’s concentration range. This followed the recommendations
of Marshall and Sandbach (2007) who in their work explained that linearity checks
should be done with particles between 50 and 100 nm, so a size where a CPC’s
counting efficiency has already achieved its maximum.
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Fig. 8: Linearity response of a butanol CPC (Model 3772-CEN, TSI Inc.) for ammonium
sulfate particles (data from this work).

In this thesis, the linearity test is taken one step further as the entire data set is used
to determine the linearity behavior as shown in Fig. 8. Although the concentration
linearity was looked at for each and every measurement, not all of the data are
reported. That is because the response in the single particle counting region of the
CPCs used in this work has been very linear as has also been demonstrated in
numerous studies previously.

2.4.3 Multiple charge effects

One of the largest errors that can occur when aerosol electrometers are used as the
reference is caused by multiply-charged particles in the calibration aerosol. Whenever
a Differential Mobility Analyzer (DMA) is used to size classify a polydisperse aerosol,
it relies on an aerosol neutralizer to standardize the charge distribution of the
polydisperse aerosol prior to size classifying it. Most often either a radioactive or a
soft X-ray source are used to attain the Boltzmann equilibrium charge distribution.
This results in a defined charge probability as a function of particle diameter as shown
for some example sizes in Tab. 1. So, it is not only the desired monodisperse, singly
charged particles that exit the DMA. Instead, the aerosol leaving it is only of a mono-
mobility, as the particles can carry a certain number of multiple charges which are
statistically different depending on their size. Larger particles carrying 2 or 3 charges
with the same electrical mobility as the singly charged particles that are classified by
the DMA in the ideal case will introduce a bias when the total net charge is used as
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basis for the reference concentration for the CPC calibration. That fraction of multiply
charged particles increases the larger the chosen particle diameter gets. In
consequence, the relationship between the reference number concentration and the
current that is measured by the aerosol electrometer gets more complicated and can
lead to large errors when the reference concentration is not corrected accordingly.

Tab. 1: Fraction of the total concentration that carries a certain number of charges as a
function of the particle diameter calculated according to Wiedensohler et al. (1986).

Particle Fraction of Particles That Carries This Number of Charges

Diameter

[nm] 3 2 -1 0 1 2 3
2.6 0 0 1.1% 98.0% 0.9% 0 0
52 0 0 2.4% 95.6% 2.0% 0 0
10.8 0 0 5.6% 90.0% 4.5% 0 0
19.1 0 0 10.5% 81.4% 8.1% 0 0
294 0 0.2% 15.5% 72.3% 11.9% 0.1% 0
39.2 0 0.5% 19.3% 65.3% 14.7% 0.3% 0

69.8 0 2.8% 25.8% 50.3% 19.6% 1.6% 0

107.5 0.5% 6.3% 28.1% 39.7% 21.6% 3.6% 0.2%
143.3 1.5% 9.1% 28.0% 33.8% 21.6% 5.3% 0.7%
191.1 3.1% 11.7% 26.7% 28.8% 20.7% 6.9% 1.4%

An experimental way of determining the fraction of multiply charged particles per
particle diameter of interest is by Tandem DMA (TDMA), which is a setup that consists
of two Differential Mobility Analyzers used in series. The classified aerosol leaving the
first DMA is subsequently scanned with a second DMA. Since the classification in any
DMA is by the particle’s electrical mobility rather than by its physical size, the aerosol
leaving the first DMA will contain singly-charged particles of the chosen size but,
depending on the physical size of the particles, might also include a number of larger
particles that carry two or more charges with the same electrical mobility. These will
be detected and reported at their actual size when passing through an aerosol
neutralizer and subsequent scanning with the second DMA. The probability of
particles carrying more than one charge can then be determined by comparing the
two spectra. Mamakos (2016) proposed a simplified methodology to quantify the ratio
of multiple to single charge fractions by calculating them directly from the raw signal
of a single measurement. Another, quite different approach to determine the fraction
of multiply charged particles, is to perform a size distribution scan of the polydisperse
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test aerosol using an SMPS system. The DMA used for the size classification is then
set to a voltage that selects a particle size that is larger than the mode of the size
distribution. There will be no significant percentage of multiply charged particles
present in that shoulder as larger particles carrying more than one charge will have a
higher electrical mobility and thus appear only as particles of a smaller diameter.

In this thesis, the interest is in the smallest particles of the size distribution near to the
CPC cut-off diameter. In that size range of interest, particles generally carry single
charges and depending on their size also a small share of double charges, while triple
charges are already negligible. In order to correct for the presence of these multiply-
charged particles, the elegant but not widely-known method introduced by Bundke et
al. (2015) was applied, which is described in greater detail in chapter 5.4.2.

2.5 Application-specific CPC calibration

CPCs have been used as general-purpose instruments in basic aerosol research ever
since diffusional, thermal-cooling CPCs became available. Nonetheless until about
25 years ago, only the aerosol science community was well aware of them and there
were no specific demands as to their calibration. It has been a much more recent
development that CPCs are also used in continuous measurements that serve
regulatory or near-reference purposes. It is especially for such usage that a reliable,
highly accurate calibration is required. As a matter of fact, CPCs are the most
commonly used instruments to measure the concentration of airborne nanoparticles
today, e.g. during the continuous monitoring of clean rooms, in industrial R&D, and
routine air quality measurements, to name just a few.

There are various applications in both academia and industry in which CPCs are
operated below the standard pressure of 101.3 kPa. Common low-pressure
applications of specific interest are the use of CPCs in mountain top measurement
stations, onboard research aircraft and at high elevation vehicle emission test centers.
Almost all of the commonly available CPC models have not been designed to work at
reduced pressure. As a result, some of them visibly malfunction already when the
ambient pressure drops by about 70 or 100 hPa, depending on the CPC model. In
consequence, CPCs that are to be operated at low pressure often require
modifications of their hard- and firmware. In addition, they should always be custom-
calibrated for such usage. A reduced atmospheric pressure due to high elevation or
other low-pressure situations can impact the slope of the counting efficiency curve
and the smallest size still detected by the CPC. A dedicated calibration ensures that
either the pressure dependence of the instruments’ counting efficiency is considered
during the measurement or that the data obtained can be corrected after the
measurements are completed.

CPCs remain the corner stone of fundamental aerosol science due to their suitability
for measuring the number concentration of airborne particles down to small
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nanometer sizes in a wide range of applications. There is growing interest in
characterizing important physical processes in the atmosphere to study and predict
global climate change. The role that airborne particles play in the atmosphere is of
great importance, which is why more measurements are needed to advance our
understanding of their origin and formation, as well as of short-term events and long-
term concentration trends. For this reason, a variety of measurement sites with
ambient pressures well below standard atmospheric conditions are used in order to
get as complete a picture as possible, ranging from high-altitude research stations on
summits of great elevation, to airborne measurements on aircraft and even satellites,
which are explained in the following chapters.

2.5.1 High-altitude aerosol research

There are growing efforts in high-altitude climate research on mountaintop stations
as these locations are considered to be of special interest for climate studies due the
distance to most anthropogenic air pollution sources as well as the direct impact that
climate change has on mountains and glaciers on a global scale. Hundreds of CPCs
are currently used for long-term measurements of the particle number concentration
in global research networks. This includes the Global Atmosphere Watch (GAW)
program of the World Meteorological Organization (WMO); the Aerosol, Clouds, and
Trace gases Research InfraStructure (ACTRIS) and similar research programs.

Tab. 2: Atmospheric research stations measuring particle number concentration currently
operational within the Global Atmosphere Watch program (from GAWSIS website).

Station name Country GAW Altitude Atmospheric
ID asl [m] Pressure [hPa]
1 Chacaltaya Bolivia CHC 5,340 516
2 Pyramid (NCO) Nepal PYR 5,079 535
3 Mt. Waliguan China WLG 3,810 632
4 Mt. Kenya Kenya MKN 3,678 643
5 Jungfraujoch Switzerland JFJ 3,580 651
6  Mauna Loa USA MLO 3,397 666
7 Steamboat Springs USA SPL 3,220 682
8 Sonnblick Austria SNB 3,100 692
9 BEO Moussala Bulgaria BEO 2,925 708
10  Pic du Midi France PDM 2,877 712
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Tab. 2 provides a list of the ten environmental research stations with the highest
altitude currently operational in the GAW network, complemented by a nominal
calculation of the corresponding atmospheric pressure. Many CPCs are operated at
one of the two dozen worldwide research stations that are located at elevations above
2,000 m asl. The GAW regional station at Chacaltaya in Bolivia is currently the station
with the highest elevation at 5,340 m asl, an altitude that corresponds to a reduced
atmospheric pressure of just 516 hPa. The high-altitude research station on
Jungfraujoch in Switzerland has been a site where aerosol measurements have been
done continuously since the 1990’s. At 3,580 m asl it is an ideal location to study
nucleation events in the lower free troposphere and also how aerosol particles interact
with clouds (Verheggen et al., 2006). Even the Schneefernerhaus alpine research
station on Mt. Zugspitze in Germany with its elevation of 2,670 m asl and an ambient
pressure of 730 hPa poses an, albeit lesser, challenge to the measurement
instrumentation. Since measurement data from atmospheric observations at high
altitude come with unknown uncertainties, a calibration corresponding to the prevalent
atmospheric pressure should always be performed.

2.5.2 Airborne climate research

Scientific research aircraft are regularly used for airborne measurements but due to
the high costs involved they are typically limited to a few extended measurement
campaigns rather than routine measurements. In Europe alone, there are currently
about 45 research aircraft in operation that fly campaigns for atmospheric and climate
research. These include the Citation Il of the Netherlands Aerospace Centre (NLR),
the Falcon 20 of the German Aerospace Center (DLR) and the BAe146 of the Facility
for Airborne Atmospheric Measurements (FAAM) based on the Cranfield University
campus in the UK. The number of aircraft available for measurements in the upper
troposphere and lower stratosphere (UTLS) is much smaller, with the Russian high-
altitude research aircraft M-55 Geophysica and the "High-Altitude and Long-Range
Research Aircraft" (HALO) of DLR being two of the more prominent examples.

An approach to obtain fast number-based size information in the small nanometer
size range during airborne measurements was first described by Stein et al. (2001).
They developed an instrument that they named Condensation Particle Size Analyzer
(CPSA), which made use of the impact of different operating parameters on the
smallest particle size detected by a CPC. The CPSA essentially consisted of four
CPC engines operated in parallel, each with a different lower detection limit. They
purposely varied the temperature difference between the CPCs’ saturators and
condensers by 9 to 30 K, which resulted in different supersaturations and hence
different cut-off diameters. For an ammonium sulfate test aerosol, they were able to
purposely vary the instrument’s dso between 4 and 13 nm.

A notable alternative to dedicated but costly research flights is the use of commercial
long-distance passenger aircraft for global atmospheric observations. The Global
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Observations research group at Forschungszentrum Jilich operates research
instruments routinely on commercial passenger aircraft as part of the “In-Service
Aircraft for a Global Observing System” (IAGOS) research infrastructure (Petzold et
al., 2015). The IAGOS research infrastructure builds on two decades of experience
acquired in two earlier projects that deployed instruments for atmospheric
measurements onboard a fleet of passenger aircraft: MOZAIC (Measurement of
Ozone and Water Vapour on Airbus In-service Aircraft) and CARIBIC (Civil Aircraft
for the Regular Investigation of the Atmosphere Based on an Instrument Container).
Like both of these earlier research projects, IAGOS also relies on commercial
passenger aircraft as the measurement platform. |IAGOS uses custom-built,
autonomous high-tech instrumentation for the in-situ measurement of atmospheric
chemical species and aerosol particles. IAGOS-CORE could be regarded as the
continuation of MOZAIC, as it offers the same high quality of measurement data. The
IAGOS-CORE aerosol package P2c that is used for these measurements includes
two CPC units that measure aerosol particle numbers in the UTLS. One of the CPCs
in the P2c aerosol package measures the total particle number concentration and the
other CPC determines the concentration of non-volatile particles that remain after
passing through a thermodenuder, which is a device that can be used to remove the
volatile compounds of the aerosol (Bundke et al., 2015).

The operation of CPCs onboard an aircraft presents a truly unique set of challenges.
Firstly, all technical issues that come with operating research instruments on a
commercial aircraft have to be addressed. This includes aspects such as dedicated
sampling probes, a suitable enclosure, fire protection and the physical location of the
measurement package, to name just a few. Secondly, operating conditions onboard
an aircraft greatly deviate from standard conditions, especially with respect to the
rapid changes in outside ambient pressure and temperature. It takes an Airbus A330
aircraft about 2.5 min to reach an initial altitude of 5,000 ft after take-off, which
corresponds to an ambient pressure of approximately 840 hPa, and about 10 min to
climb to 16,000 ft (550 hPa). An A330 reaches its maximum cruising altitude of 41,000
ft, corresponding to 180 hPa, about 30 min after take-off. The sampling inlet is thus
exposed to a range of ambient pressures, with air pressure changes as high as
100 hPa per minute. Thirdly, the aerosol package P2c had to be designed for fully
autonomous measurement periods of two months without user intervention, which
added further requirements. One key aspect here are the data acquisition and the
transfer to making them available in near real-time (Petzold et al., 2015). Finally,
special requirements regarding compliance with aircraft safety regulations and the
high-quality management standards of civil aviation have to be fulfilled. Safety
regulations require for instance the safe handling of the CPC’s working fluid, which
resulted in the development of two double-walled containments for the butanol supply
and its reservoir in the P2c aerosol package (Bundke et al., 2015).
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2.5.3 Continuous monitoring of particle number in urban air

At present, no binding international or national ambient air quality standard requires
the routine monitoring of the number concentration of fine and ultrafine particles, while
environmental authorities in most parts of the world have been required to measure
the PM2.5 and PM10 particulate mass already for many years. At the same time, the
public awareness of local air pollution and the impact on the climate keeps increasing.
In particular, people living in close proximity to emission sources such as power plants
and incinerators, but also airports, busy roads and waterways have become active in
the fight against harmful levels of ultrafine particles on a local level. In the United
States, the Environmental Protection Agency (US EPA) was the first governmental
agency that at least added the measurement of ultrafine particles as an optional
metric to the measurements done in its near-road monitoring networks. In
consequence, some regional agencies like the Bay Area Air Quality Management
District (BAAQMD) started to monitor particle number concentrations. The BAAQMD
currently does so at nine sites in the San Francisco Bay Area using CPCs. In Europe,
the National Air Pollution Monitoring Network (NABEL) monitoring network in
Switzerland (EMPA, 2000) and the German Ultrafine Aerosol Network (GUAN; Birmili,
2015) also added particle number concentration as a metric to their routine monitoring
efforts. In 2016, the European Committee for Standardization (CEN) published a
technical specification that harmonizes the continuous measurement of particle
number concentration of atmospheric aerosol by CPCs (CEN/TS 16976:2016). It
determined that only CPCs with identical cut-off diameters and working fluids should
be used under well-defined operating conditions.

The same CEN guideline does not specifically determine a valid range of atmospheric
pressure, although it does refer to the measurement being made “above 900 hPa”
and that “instrument inlet temperature, pressure and relative humidity” should be
reported with the data. This makes complete sense in Europe, which only has a dozen
mid-sized cities above 1,000 m asl across the continent, of which Davos in
Switzerland (1,560 m) and Briangon in France (1,326 m) are at the highest elevation.
The situation is quite different globally, however, as many cities with more than
100,000 inhabitants can be found at high altitude in several countries in Central and
South America such as Bolivia, Colombia, Ecuador, Mexico and Peru. In Asia the
same can be said for China and India. Of these larger cities the aptly named EI Alto
in Bolivia has the highest elevation at 4,150 m, which corresponds to a barometric
pressure of just 604 hPa at 15°C.

2.5.4 Vehicle exhaust emission certification

The earliest near real-time measurements of particles emitted by vehicle exhaust
were made by David Kittelson and co-workers around 1974. They were the first to
use the Electrical Aerosol Analyzer (EAA) for their research on engine exhaust (Sem
etal., 2010). In 1980, the first CPC was introduced as a detector to the measurement
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of diesel exhaust aerosol, at the time still in combination with a diffusion battery. While
CPCs found an increasing use for the measurement of vehicle exhaust emissions
over the years, it took almost three decades until they were considered for regulatory
use. This was the direct result of the Particle Measurement Programme (PMP), which
was established as a Working Group of the United Nations Economic Commissions
for Europe (UN-ECE) Working Party on Pollution and Energy (GRPE) in August 2001.
The purpose of the PMP was to develop a measurement system with good sensitivity
for measuring nanometer-sized particles in heavy and light duty vehicle emissions,
so they could be regulated and type approval legislation amended in order to reduce
the particle emissions from these vehicles. Phase 1 of PMP investigated the
repeatability of several potential candidate instruments during steady-state and
transient laboratory tests at a single site. This was followed by a comparison study of
the best-performing measurement systems during PMP phase 2, which subjected a
total of 21 different particle instruments to even more diligent tests. The final report
(Mohr and Lehmann, 2003) came to the far-reaching conclusion that the solid particle
number method achieved the objective of the program, which effectively lead to CPCs
becoming the method of choice for this use by the automotive industry. During PMP
phase 3, a “Golden” solid particle number measurement system was then used as a
reference that was circulated to the different sites that participated in an
interlaboratory test program (Andersson et al., 2007). After more than seven years of
work, PMP agreed on a robust test procedure, which became known as the “PMP
method”. It specifies all aspects of the measurement of the number of solid particles
in vehicle exhaust emissions in great detail. The European Commission followed the
findings and recommendations of the PMP group and a new vehicle emission
standard came into force in early 2009 (UN-ECE, 2015). This was also the first time
that particle number (PN) was included in a regulation anywhere in the world (Bischof,
2015). Effectively since September 2011, Euro 5b and subsequent Euro 6 light-duty
vehicle emission standards required the measurement of the number of solid particles
for the type approval of all new diesel vehicles sold in the European Union. Since
2014, the Euro 6 standard also limits the PN emissions from gasoline direct injection
(GDI) light-duty vehicles. Today, a PN limit value of 6x10'" particles/km cannot be
exceeded in the exhaust of all new light-duty diesel and gasoline vehicles during type
approval. This regulation for light-duty vehicles was complemented by the on-road
PN measurement of vehicle emissions with the so-called Portable Emissions
Measurement Systems (PN-PEMS) in September 2017, which also involves CPCs,
although not exclusively. For heavy-duty vehicles such as trucks and buses, PN
emission limits were introduced with the Euro VI standard that went into effect in 2013
for new type approvals and in 2014 for all registrations. The PN limit value in the Euro
VI standard is 6x10'"" particles/ kWh under the conditions of the World Harmonized
Transient Cycle (WHTC) test.

All of the above regulations specify the use of a PNC instrument that is in fact a full-
flow CPC with a well-defined cut-off diameter and counting accuracy, see the salient

39



performance criteria in Tab. 3. The CPCs that are used for these legislative emission
measurements must be properly calibrated by the manufacturer preceding their first
use and be supplied with a corresponding calibration certificate. Prior to using a CPC
for such an emissions test, the user needs to make sure that the CPC has been
calibrated against a traceable calibration standard within the past twelve months. This
requires calibration against either an aerosol electrometer or another CPC that was
calibrated against an electrometer acting as a reference (Giechaskiel et al., 2009).

Tab. 3: Salient performance criteria of a CPC used as PNC detector in legislative vehicle
emission testing (UN-ECE, 2015).

Parameter Criterion Specification
Counting efficiency dso (50% % 12%) 23 nm (x 1 nm)

deo (>90 %) 41 nm (£ 1 nm)
Counting accuracy from 1 to 10,000 P/cm? +10%
Readability below 100 P/cm?® 0.1 P/lcm3
Concentration linearity linear over full range
Measurement mode single particle counting
Reporting frequency of data >20.5Hz
Response time (T90) <5s
Coincidence correction <10%

This legislative use of CPCs drove the development of a corresponding traceable
calibration method (UN-ECE, 2015). Yet it still raises questions when emission tests
in this highly regulated environment are performed at ambient conditions significantly
different from the specified atmospheric pressure conditions of 100 kPa + 7.5% due
to the geographical location. In the EU, the highest elevation of an emissions test
facility is about 800 m asl but in the United States, Tier 3 standards introduced a
definition of high-altitude conditions that require a test altitude that corresponds to
1,620 m asl. This criterion has been included as the decrease in oxygen supply at
high elevations has a notable effect on internal combustion engines, in particular on
their engine power. The reduced air density leads to the fuel-air mixture becoming
richer, which also results in increased fuel consumption and hence higher tailpipe
emissions. Testing of engines and vehicles at high altitude locations is therefore
regularly performed at locations in e.g. Colorado (USA) as well as Mexico. China has
nine provinces with an elevation higher than 1,500 m, which is why their government
changed its regulatory requirements for testing to altitudes. Although emissions
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testing in North America will only require the use of CPCs for the type approval of
vehicles that are exported, the new China 6 emissions regulations require the same
PN limit value as the corresponding Euro 6 regulations since January 2021. The
Chinese regulation also has a specific altitude requirement that the particle number
counter must work up to 2,400 m asl. So, despite the fact that there are several test
centers globally that operate at a reduced pressure, as well as on-road tests that are
also being done on mountain roads, there is currently no specification for the
calibration of CPCs used at high elevation or correction for lower ambient pressure.

2.5.5 Aircraft emissions testing

The potential of particles emitted by aircraft engines to impact cloud formation in the
atmosphere was investigated during large studies such as the PartEmis experiment
reported in Petzold et al. (2003). The outcome of their research was detailed
information on the particle size distribution, thermal stability, mixing state, and CCN
activation of aircraft emission. All of these parameters are needed to advance the
understanding of the contribution of global aviation to climate change. Environmental
conditions to test aircraft emissions during actual in-flight operation are challenging
to say the least. Airplanes are flown at altitudes of up to 12,000 m which results in
very different conditions than on the ground. Most importantly, the atmospheric
pressure at such high altitude can drop to 200 hPa and even below. In practice, there
is no reasonable way of routinely testing the emissions from aircraft under in-flight
conditions. Consequently, the relevant SAE Aerospace Recommended Practice
(ARP) is an aircraft engine method instead of one for the aircraft in its entirety. It
describes the recommended sampling conditions, measurement instrumentation, and
procedures for the measurement of non-volatile particle concentrations from the
exhaust of aircraft engines. It is performed at dedicated test beds for aircraft gas
turbine engine emissions measurement on the ground. During these emission tests,
the engines are operated at atmospheric conditions with corrections made for a
reference temperature of 15°C and an air pressure of 101.3 kPa.

During the SAMPLE project, Petzold et al. (2011) performed an experimental
comparison of particle measurement techniques with the aim to assess their suitability
for standardized measurement of the particulate emission from aircraft engines. They
used three different models CPC side-by-side to measure the particle number
concentrations from a simulator that generated an emission that was found to be
representative of aircraft exhaust. The importance of the calibration was highlighted
when the CPCs were first utilized in the project. Initially there were large
discrepancies as the different model CPCs were used without the cut-off size being
specified or considered, which created an uncertainty of the measurement that was
not acceptable for legislative purposes (Crayford et al., 2011). Specifically, in the size
range below 23 nm where volatile particles are typically found, number concentrations
showed large differences of up to 30%. After testing a great variety of aircraft engine
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types and sizes, the measurement uncertainty could be reduced by agreeing on
specifications for CPCs employed for the dedicated measurement of aircraft
emissions. The results from this project demonstrated that CPCs are robust and
accurate instruments, but also that the lower cut-off diameter and proper sample
conditioning must be well-defined to achieve reliable and reproducible results.

The project concluded with the recommendation to measure the non-volatile particle
number by combining a volatile particle remover and a CPC (Petzold et al., 2011).
This recommendation ultimately found its way into the new international aircraft
emission regulation. In February 2019, the International Civil Aviation Organization
(ICAO) agreed on the new, more stringent standard for the certification of aircraft and
aircraft engines that for the first time limit the emissions of non-volatile Particulate
Matter (nvPM) by their number concentration. The ICAO requires that this
measurement is done by a CPC with a 10 nm cut-off diameter as most of the non-
volatile particles from aircraft turbine engines are in the particle size range from 15 to
60 nm. Nonetheless, the new standard only requires a manufacturer’s calibration of
the CPC’s dso and dgeo diameters, as well as a linearity test, which are to be done at
ambient conditions.
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3. Review of prior research

This chapter describes a thorough review of existing peer-reviewed literature on the
operation of CPCs at low pressure. It is intended to document the current state of
knowledge before describing the experimental aspects of this work. After reviewing
the literature, the previous research is grouped into three categories and the findings
are evaluated. This chapter does not attempt a complete overview of all literature
published on this subject as only few studies were extensive characterizations done
at several levels of operating pressure and for various particle sizes. Instead it focuses
on those papers that can be considered relevant benchmark studies.

3.1 Historic context of low-pressure experiments

Already more than 80 years ago G. Schlarb studied the use of an adiabatic-expansion
CNC under non-standard conditions. During his experiments he observed a drop in
the total counting efficiency when he operated his device at lower than atmospheric
pressure. Schlarb (1940) reported his observation yet he did not provide any
theoretical analysis of its occurrence. This so-called Schlarb effect has been largely
forgotten since it was investigated at that time and | am very grateful to Francgois
Gensdarmes of IRSN in France who made me aware of its existence. Twenty years
later than Schlarb, Pollak and Metnieks (1960) showed in experiments with their model
1957 photoelectric CNC that the difference they measured for a given total
concentration was the larger, the lower the pressure. They also found that for a given
pressure the discrepancy increased with the amount of the number concentration.
Their discovery is in contrast to the classic activation theory as the Kelvin equation
does not include the number concentration as a contributing factor.

In 1976 Philippe Mulcey published his PhD thesis on work he did under the guidance
of Professor Jean Bricard, the father of French aerosol science. During his studies,
Mulcey investigated the vertical distribution of condensation nuclei in the stratosphere
using balloons. For this work, he used a new type of continuous-flow CNC developed
at the Saclay Nuclear Research Centre of the French Atomic Energy Commission
(CEA) near Paris. This design was one of the two immediate predecessors of the first
commercial continuous flow CPC (Model 3020, TSI Inc.; Agarwal and Sem 1980),
which later found very wide use globally. Mulcey adapted his prototype for
measurement at UTLS conditions and conducted tests in a low-pressure simulation
chamber. He declared that one should be able to derive the theoretical number
concentration Nt of an aerosol contained in a chamber at reduced pressure from the
concentration Np at atmospheric pressure and the ratio of the reduced pressure p to
the atmospheric pressure po:

N, =—0—" (3.1)
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Mulcey stated that the measured number concentration N of the aerosol in his
chamber will be less than the expected theoretical number concentration Nr when the
pressure is lowered. He found that under certain conditions the concentration
difference could be eliminated when he increased the supersaturation inside the CNC.
He accomplished this by using a higher saturator temperature, while he maintained
the condenser at a constant temperature. He concluded that besides the operating
pressure, the main parameters contributing to the Schlarb effect are the
supersaturation applied to the mixture of aerosol and saturated vapor - and the
magnitude of the aerosol number concentration.

3.2 Early research in the 1980’s and 1990’s

Heintzenberg and Ogren published one of the earliest noteworthy studies on the
operation of a modern-day CPC at reduced pressure in 1985. Their paper focuses on
the use of a CPC onboard the DLR’s Falcon 20 aircraft during experiments in the
Arctic troposphere, with measurements conducted between sea level and about
10,000 m altitude. In their work they used the commercial model 3020 CPC (TSI Inc.),
which was only introduced a few years before their experiments. As this model CPC
cannot be operated under reduced and varying pressure conditions as is, they made
two simple modifications: 1) they replaced the built-in pump and mass flowmeter by
an external pump and needle valve, and 2) they replaced a few gaskets and the
automatic butanol refill systems to make the instrument leak-tight.

Additionally, they also calibrated their CPC using an aerosol ageing and expansion
technique. They used a polydisperse laboratory aerosol that was aged for some time
in a glass vessel and evacuated it down to 100 Torr (133 hPa). They then increased
the pressure by adding filtered air through a needle valve into the vessel. As a result,
they found that the model 3020 “counts most of the particles in the vessel above 300
Torr” (400 hPa). Beyond this rather qualitative observation, they also made a
correction of the number concentration reported by their CPC to account for the actual
volume flow. Based on this correction they concluded that this model CPC worked
well down to a pressure of about 200 Torr (267 hPa). It is important to note that
Heintzenberg and Ogren commented that a better approach to calibrate a CPC for
use at reduced pressure “is a calibration with monodisperse, singly charged particles
at a range of pressures”, but that they did not have the necessary instruments
available at the time. It is for this reason that their work does not include any counting
efficiency curves or reports changes in the CPC’s lower detection limit.

Zhang and Liu conducted two studies that investigated the performance of CPCs at
reduced pressure, one for the model 3020 in 1990 and the other for the model 3760
(TSl Inc.) in 1991. The first was a theoretical study that looked at the heat and mass
transfer processes inside the condenser section of the CPC 3020. They explained
that a lower operating pressure and a lower flow rate will increase the thermal cooling
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effect, and simultaneously result in enhanced losses of the butanol vapor to the walls
of the condenser section. By contrast, a higher operating pressure and flow rate will
result in less depletion of the butanol vapor onto the walls of the condenser but
simultaneously lead to a weaker thermal cooling effect. Both of these opposing effects
are competing, which is the process that ultimately determines the CPC’s
performance. Their numerical analysis showed that the cut-off diameter of a model
3020 CPC is the smallest at standard atmospheric pressure, and that it shifts by
several nanometers to larger sizes when the pressure is reduced to one tenth of it.

In their 1991 paper, Zhang and Liu describe the experimental work on the
performance of a CPC 3760 over the range from 1,000 to 100 hPa. To my knowledge
this was the first study that experimentally determined the counting efficiency of a
CPC for different levels of operating pressure depending on particle size. In their
setup they used an atomizer to produce particles from a NaCl solution, which they
subsequently vaporized in a furnace heated to 900°C and finally nucleated to form
primary particles by rapid cooling. Their aerosol generation system was completed by
a DMA to size select monodisperse particles. The low-pressure section, which
contained the CPC under test and a reference aerosol electrometer, was separated
by a pressure control valve and pumped to the desired pressure level. Although the
size resolution of their counting efficiency curve is limited, it reveals that the overall
counting efficiency of a CPC 3760 diminishes only a little when the operating pressure
is lowered to levels of 200 to 300 hPa. Their data also show a significant shift of the
CPC'’s lower cut-off diameter towards larger particle sizes with decreasing pressure.
This agrees with their theoretical work for the CPC 3020. They also found that the
maximum counting efficiency at larger sizes drops to only about 10% of the value at
standard conditions when the pressure is reduced further to 100 hPa.

A few years later Cofer Il et al. (1998) presented a paper that describes a laboratory
calibration before their field experiments. Once again, the purpose of their work was
the use of CPCs onboard an aircraft, which in their case was NASA'’s T-39 Sabreliner
jet. They also calibrated four different CPC instruments rather than just one, of which
two were model 3025A ultrafine CPCs and two were models 3760 (both TSI Inc.).
Following Heintzenberg and Ogren, they replaced the CPC’s built-in pumps and flow
controllers by a different pump and external mass flow controllers. Cofer Il et al.
generated a calibration aerosol by the Scheibel and Porstenddrfer method (Scheibel
& Porstendorfer, 1983), which couples a constant temperature tube furnace to
produce a polydisperse primary aerosol and a DMA for electrostatic classification of
discrete particle sizes. As a result, they got a monodisperse, non-volatile NaCl aerosol
with diameters ranging from 4 to 180 nm. At ambient conditions, their model 3025A
UCPCs counted between 91% and 97% of the total number of particles measured by
a reference electrometer. Efficiencies for the model 3760 CPCs were not determined
at ambient conditions.
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The main focus of their work was to characterize the CPC performance for the aircraft
system at a constant 160 Torr (213 hPa), which corresponded to the pressure of their
internal flight-system. In order to mimic airborne conditions, the calibration aerosol
was drawn directly from a manifold controlled to the reduced pressure level via critical
orifice. Cofer Il et al. found that at 160 Torr the total measurement efficiency of the
ultrafine CPCs in the range from 10 nm to 180 nm was about 75%, while it was about
55% for the model 3760 CPCs in the range from 20 nm to 180 nm, see Fig. 9. They
also concluded that both CPC models started to undercount particles “as
concentrations rose into the mid 10* P/cm?® range” and that this “behavior could be
calibrated for and corrected over the range of our tests”.
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Fig. 9: Counting efficiencies of two CPCs at 160 Torr, taken from Cofer Ill et al. (1998).

Although Cofer Il et al. reported a change in the total counting efficiency for both CPC
models and that the lower cut-off diameters changed as well, the precise impact of
an ambient pressure of 160 Torr on the counting efficiency curve cannot be clearly
seen. One can speculate from their graph in Fig. 9 that basically the slope of the
counting efficiency curve drops more sharply and that the dso or lower cut-off diameter
increases from the nominal 3 nm to about 6 nm for the ultrafine CPC. At the same
time, it seems to indicate an increase from 14 nm to about 20 nm for the CPC 3760.
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3.3 Work by Hermann in the 2000’s

A very important milestone in the performance characterization and calibration of
CPCs at aircraft pressures was the research of Markus Hermann and co-authors
published in the early 2000’s (Hermann, 2000; Hermann and Wiedensohler, 2001,
Hermann et al., 2005). Their work was done during the “Civil Aircraft for Remote
sensing and In-situ measurements in the troposphere and lower stratosphere Based
on the Instrumentation Container concept” (CARIBIC) project. The goal of CARIBIC
were aerosol and trace gas measurements in the upper troposphere and lower
stratosphere using scientific instruments in an air-freight container flown on board
commercial aircraft. The CARIBIC aerosol system included CPCs 7610 (TSI Inc.),
which were introduced in 1992 along with a remote processor that allowed for them
to be used in semiconductor manufacturing environments. The model 7610 was thus
the industrial cleanroom monitoring variant of the CPC 3760, with an initially identical
geometry and operating parameters. Hermann modified his CPCs 7610 to meet
aviation requirements and designated them as model 7610Ip. The main modifications
were replacing materials not permitted for commercial flights, improving the
mechanical stability and changing to a 28 V DC power supply.

The calibration setup of Hermann and co-workers was similar to the one of Cofer llI
et al. It also relied on the Scheibel and Porstenddrfer method to produce a primary,
polydisperse aerosol, a DMA to size-select particle diameters and an aerosol
electrometer as the concentration reference. The main difference is that in Hermann’s
setup at the Leibniz Institute for Tropospheric Research (TROPOS) also the DMA
was operated at reduced pressure. The pressure in this setup could be reduced from
ambient level down to 160 hPa, once again by manually adjusting a needle valve. For
the CARIBIC aerosol system, the CPC 7610lp was characterized at six discrete
pressure levels of 160, 200, 300, 400, 700 and 1,000 hPa. The particle sizes of the
calibration aerosol were varied from 3 to 50 nm for silver and from 5 to 90 nm for salt
(NaCl) particles. This work is the first that thus provided detailed counting efficiency
curves at several pressure levels with high size resolution.

In Hermann’s study, detailed counting efficiency curves were determined for his
modified model 7610lp CPC based on up to 12 particle sizes below 15 nm, as shown
in Fig. 10. The results show a slight decrease of the lower detection limit from 14 nm
at standard conditions to about 11.5 nm for pressures between 160 and 300 hPa.
Along with that shift in the cut-off diameter there is also a notable change in the
counting efficiency curves below 400 hPa. The curves increase their slope with
reducing pressure and decrease the maximum counting efficiency to as low as 80%,
with the latter value being the one determined at the lowest pressure of 160 hPa.
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Fig. 10: Counting efficiencies of a modified CPC 7610Ip for silver particles at 160, 200, 300,
400, 700 and 1,000 hPa, taken from Hermann and Wiedensohler (2001).

In his PhD thesis, Hermann (2000) concludes that there is no obvious explanation for
the decrease he observed in the maximum counting efficiency of the CPC. He
surmises that it might be caused by changes occurring in the focusing nozzle just
before the CPC optics due to the reduced volume flow at decreasing pressure.
Improper focusing of the detected flow could in principle result in a weaker scattering
signal below the CPC'’s threshold setting for optical detection, but this theory was later
dismissed by Takegawa and Sakurai (2011).

3.4 More recent work

In 2011 Takegawa and Sakurai investigated the performance of a model 3771 CPC
(TSl Inc.) for use under airborne measurement conditions. Their CPC model of choice
was another laminar-flow, butanol-based instrument, which succeeded both the CPC
3760A and the model 3762 in 2006. The manufacturer specified this CPC model for
an ambient range from 1,050 to 750 hPa. Unlike in other studies, no modifications for
use at low pressure were mentioned by the authors. Their experimental setup relied
on an electrospray aerosol generator (Model 3480, TSI Inc.) to produce small sucrose
particles up to 50 nm and in addition on a Combustion Aerosol Standard (CAST) to
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produce flame soot particles of 50 nm and larger. The aerosol generators as well as
a DMA, a reference CPC and the supply of make-up air were all operated at standard
conditions. Only the CPC and the reference aerosol electrometer were placed in the
low-pressure section, which was separated from the aerosol generation section by an
orifice. Instead of using a needle valve to reduce the pressure, Takegawa and Sakurai
made use of orifices with different diameters to avoid contamination caused by
particles possibly being produced when adjusting the valve. They performed their
experiments at five discrete pressure levels ranging from 1,010 hPa to 300 hPa. One
interesting difference compared to the work of Hermann et al. was that they repeated
their 60 second measurements five times, with the DMA’s high voltage being set to 0
V before, in between and after the actual measurements, so that a total sampling time
of 11 min was needed for each pressure level and particle size. In their study they
found essentially no differences in the counting efficiency curves for sucrose particles
between 1,010 hPa and 800 hPa. Only after lowering the pressure further to 600 hPa,
they observed a slight shift of the curve to /arger particles, as can be seen in Fig. 11.
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Fig. 11: Counting efficiency of a CPC 3771 for sucrose and soot particles at 600 hPa
compared to 1,000 hPa (dashed line), taken from Takegawa and Sakurai (2011).

That shift to a larger particle diameter got even more pronounced the more they
lowered the pressure. Finally, at 300 hPa, which was the lowest pressure they tested,
the counting efficiency curve had shifted substantially to larger particle sizes as shown

49



in Fig. 12. The curve also exhibited a flatter slope and it is clearly visible that only a
much lower maximum counting efficiency of about 85% is achieved.
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Fig. 12: Counting efficiency of a CPC 3771 for sucrose and soot particles at 300 hPa
compared to 1,000 hPa (dashed line), taken from Takegawa and Sakurai (2011).

The data in the Takegawa and Sakurai (2011) paper seem to suggest that between
1,010 and 600 hPa the CPC’s cut-off diameter for sucrose particles increased only
slightly from the nominal 10 nm to an actual value of approximately 10.5 nm, while it
shifted significantly to about 20 nm when decreasing the pressure further to 300 hPa.
The authors hypothesized that their observed effects were due to a diminished
saturation ratio, caused by rapid losses of butanol vapor to the condenser walls at
very low pressure. An additional effect of a lower saturation ratio would be less
condensational growth, which could also result in the lower maximum detection
efficiency observed at 300 hPa.

An even more recent study is the one conducted by Bundke et al. (2015), which was
driven by the increasing interest in long-term atmospheric and climate research
realized in the IAGOS research infrastructure described in chapter 2.5.2. Their CPC
model of choice was a Sky-CPC 5.411 (Grimm Aerosol Technik GmbH & Co. KG,
Ainring, Germany), which is a CPC core unit without pump or display that is optimized
for operation at low pressure according to the manufacturer. In their initial calibration
they characterized and calibrated the Sky-CPC for pressure levels of 170, 200, 600
and 900 hPa in a laboratory experiment; see Fig. 13.
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Fig. 13: Counting efficiency of a Sky-CPC 5.411 for ammonium sulfate particles at 170, 200,
600 and 900 hPa pressure levels, taken from Bundke et al. (2015).

Their experimental setup consisted of an atomizer aerosol generator followed by a
diffusion drier and a DMA to size select particle for the calibration. The outlet of their
DMA was connected to the low-pressure section by means of a critical orifice. In that
section, the test aerosol was conditioned and diluted before it was subsequently split
into the CPC under test and a reference aerosol electrometer. They used ammonium
sulfate as their calibration aerosol and challenged the CPC with two dozen particle
sizes, of which nine below 20 nm. With this approach, they determined a lower size
detection limit of 15 nm at 900 hPa and one of about 11.5 nm at 170 hPa. Their data
imply that the Sky-CPC’s dso cut-off size shifts only slightly to smaller diameters when
going to greatly reduced pressure. Interestingly, at larger particle sizes the asymptotic
detection efficiency of that CPC does not follow the same trend as the CPC’s cut-off.
The data of Bundke et al. exhibit a continuous decrease of the maximum detection
efficiency when lowering the pressure from 900 to 200 hPa. At 200 hPa, they
observed a counting efficiency of greater than 86% for particles with a diameter of
about 25 nm and larger. When further reducing the operational pressure to 170 hPa
that trend reverts and the counting efficiency increases again to values close to 100%
for all particles larger than about 30 nm. This phenomenon was not explained further.
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3.5 Summary of previous work

This literature study analyzed about two dozen peer-reviewed publications that
investigated the performance of various CPCs at reduced atmospheric pressure
which were published in the past 35 years. An overview of the key technical
specifications of the previously characterized CPC models is given in Tab. 4.

Tab. 4: Summary of main specifications of the butanol CPC models used in previous studies.

Study Model Manufacturer Nominal Detected Operating
cut-off, flowrate temp.
dso [nm]  [cm¥min]  Tsat, Tcond

Heintzenberg & 3020 TSI Inc. 10 300 35°C,

Ogren (1985), Zhang (full-flow) 10°C

& Liu (1990)

Zhang & Liu (1991), 3760 TSI Inc. 10 1410 AT=17°C

Cofer Ill et al. (1998) (full-flow)

Cofer Ill et al. (1998) 3025A TSl Inc. 3 30+£3 37°C,

(split-flow) 10°C

Hermann (2000), 7610Ip TSI Inc., 14 1410 AT=17°C

Hermann & modified (full-flow)

Wiedensohler (2001)

Takegawa & Sakurai 3771 TSl Inc. 10 1000 = 50 39°C,

(2011) (full-flow) 22°C

Bundke et al. (2015) 5.411 Grimm 13 600 36°C,
Sky-CPC (full-flow) 10°C

Essentially all of the previous studies employed butanol CPCs, with all but the 3025A
model used by Cofer Il et al. being of a full-flow design where the sample flowrate
equals the detected aerosol flowrate. All but one of the CPCs previously characterized
are out of production today, with the most recently characterized Sky-CPC 5.411
being the exception.

When comparing the previous literature, the apparent implication is that there is no
consensus on how a CPC can be expected to perform at reduced pressure overall.
This can also be seen in the overview provided in Tab. 5. On the one hand, a number
of studies concludes that the dso lower detection limit of a CPC shifts towards slightly
smaller particle diameters (-) when the operating pressure is reduced. Wilson, Hyun,
and Blackshear (1983) were the first to report such a shift in the cut-off size of a CPC
towards smaller particle diameters for a pressure shift from 400 to 187 hPa.
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Tab. 5: Overview of approximate values from previous key studies on full-flow CPC models.

Study Lower cut- Direction of Maximum Shift of Nmax

off size dspat  dso shift detection

reduced p efficiency Nmax
Heintzenberg & Ogren NA NA 100% <10%
(1985), CPC 3020 at 2400 hPa at 267 hPa
Zhang & Liu (1991), 23 nm ++ 99% (100 nm) <15%
CPC 3760 at 200 hPa at 2200 hPa at 100 hPa
Cofer Il et al. (1998), 20 nm ++ NA 55%
CPC 3760 at 213 hPa (100 nm) at

213 hPa

Hermann (2000), 12 nm - 93% (30 nm) <83%
CPC 7610 (3760) at 200 hPa at 2400 hPa at 160 hPa
Hermann & 12 nm - 95% (30 nm) <85%
Wiedensohler (2001), at 200 hPa at 2300 hPa at 160 hPa
CPC 7610 (3760)
Takegawa & Sakurai 20 nm ++ 75% (30 nm) <85%
(2011), CPC 3771 at 300 hPa at 2600 hPa at 300 hPa
Bundke et al. (2015), 12.5 nm - 95% (30 nm) <87%
Sky-CPC 5.411 at 200 hPa at 2600 hPa at 200 hPa

More recently, Wiedensohler et al. (1997) as well as Schroder & Strém (1997),
Hermann (2000) and Hermann & Wiedensohler (2001) all described an at least similar
behavior in their trend, where the dso cut-off sizes of their CPCs 7610/3760 shifted to
smaller diameters at lower pressures. Hermann was the first to report that this is the
case until an apparent minimum is reached at a certain pressure threshold. This
critical pressure seems to be at a different level for the different CPC models.
Hermann (2000) also stated that there is likely an enhanced heat transfer inside the
condenser section of the CPC at reduced pressure, which is larger than the mass
transfer of the working fluid to the walls of the condenser. On the other hand, four
papers by Zhang and Liu (1990, 1991), Cofer Il et al. (1998), and Takegawa and
Sakurai (2011) show both theoretically and experimentally a shift towards notably
larger cut-off diameters (++) with decreasing pressure. Takegawa and Sakurai (2011)
suggest that the CPC design and losses of butanol vapor to the wall of the condenser
section might influence how the dso of a CPC changes.

In summary, the comparison of these previous studies on the operation of several
CPC models at reduced pressure leaves us with several questions. The results
reported in these peer-reviewed papers seem to be inconsistent, even for identical
CPC models. This could be due to the fact that some of the studies were restricted to
only one specific model, as the different CPC models come with different geometries
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and operating parameters such as the temperatures of their condenser and saturators
or their flow rates. The studies also varied in their detail, as some only looked at a
small number of pressure levels, a limited number of particle sizes, and only one
specific calibration material. Another likely cause of the discrepancies observed might
be due to the precise calibration methods used. Previous studies used quite different
experimental methods, especially with regards to the actual low-pressure section of
the experiments. However, the combined results could also point to another reason:
Maybe, in some cases, the precise performance of a CPC near its cut-off diameter
should be expected to vary during its operation at reduced pressure.
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4. Modeling of CPC performance at low-pressure

This chapter describes a two-dimensional numerical model for the activation of
particles in a CPC. It is applied to initially determine the performance characteristics
of a CPC under low-pressure conditions through numerical work. The model provides
condenser saturation ratio profiles and theoretical counting efficiency curves for
various low-pressure conditions. The modeling data help to gain insight into how the
operating parameters impact the performance of a CPC at reduced pressure in theory.

4.1 Description of the numerical model

The theoretical prediction of the CPC counting efficiency curves in this chapter has
been calculated based on the established analytical model developed by Stolzenburg
(1991). A corresponding modeling tool had previously been implemented in MATLAB
by Dr. Ryan Han at TSI headquarters, who also ran the model and provided the
resulting raw data. My contribution was to define the modeling objective, select the
operational parameters, generate the graphs in this chapter unless stated otherwise
as well as all of the analysis provided here. This model could only be run for the CPC
3772-CEN but not for the Sky-CPC 5.411, as there are no constructive details
available for the latter model since instrument manufacturers do not like to provide
information on their exact CPC design for proprietary reasons.

The two-dimensional model of Stolzenburg (1991) determines the activation efficiency
based on the sample flow going through the saturator and condenser sections of a
thermal-cooling, laminar, continuous-flow CPC. As explained in chapter 2.2, in an
alcohol-based CPC the aerosol sample is first saturated with alcohol vapor in the
heated saturator section. The vapor is supersaturated once the vapor-aerosol sample
flow mixture enters the thermally-cooled condenser section, where it condenses onto
the aerosol particles and thereby forms much larger droplets. In the numerical model,
the condenser is simplified to one uniform segment as illustrated in Fig. 14.

LGOH

Tcon

Dcon

qaei Tae5 S

Fig. 14: CPC condenser section as assumed by the mathematical model.
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In the model, the sample flow passes through the condenser, which is the section
where particle activation and growth occurs. The sample flow is assumed to consist of
particles dispersed in air, which provides the thermal and mass properties used for
calculation. The operational parameters used by the model are thus the aerosol
sample flow qae, the aerosol temperature after the saturator section T.e, the saturation
ratio S defined as being 1 at condenser entrance, as well as the length Lcon,
temperature Tcon, and tube diameter Dcon Of the condenser section. The model treats
the flow as fully laminar throughout the condenser section. Air density, thermal
diffusivity, and the mass diffusivity of both the butanol vapor as well as the particles
are all considered to be constant.

At first, the model considers convective and diffusive heat as well as mass transfer to
derive profiles of temperature, vapor pressure and saturation ratio through the
condenser section. The activation of particles depends on the spatial profile of the
saturation ratio S of the condensing vapor, which is defined as the ratio of the fluid’s
vapor pressure py to the saturation vapor pressure, psat:

P

S = 4.1
Pear(T) *1)

The activation efficiency of the CPC is then calculated by combining these profiles with
the Kelvin equation (2.1) and the aerosol transport model, which assumes diffusional
losses of particles to be insignificant. Further details and all equations used by the
model are given in Stolzenburg (1991) and Hering & Stolzenburg (2005).

In a subsequent step, the theoretically predicted particle activation efficiencies at
standard atmospheric pressure of 1,013 hPa were then compared to experimentally-
determined counting efficiencies. Differences between the theoretical and
experimental efficiency values arise from factors such as subsistent diffusional losses
to the walls of the condenser, slight changes in residence time inside the CPC and
non-uniform temperature profiles that can occur in reality. In addition, uncertainties of
the modeling parameters can increase the disparity. This is especially true for
properties like the mass and the thermal mass diffusivity, as well as the boundary layer
effect. An effective delfa T can be introduced to account for the difference between the
aerosol temperature Tz and the condenser temperature Tcon, which is then used to
adjust the calculation. The delta T is applied to the CPC modelling at both standard
atmospheric pressure as well as the reduced pressure levels. In case of the CPC
3772-CEN, the deviation from actual to effective delta T turned out to be negligible.

4.2 Basic results of the numerical model

In the first stage the model was applied to a generic CPC model 3772 with a 10 nm
lower cut-off diameter. This was done for two pressure levels, with the first pressure
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being standard atmospheric condition of 1,013 hPa and the other a reduced pressure
of 720 hPa, which corresponds to an altitude of approximately 2,840 m asl. This
altitude is a good proxy for typical conditions found for example at the Pic du Midi or
Schneefernerhaus mountaintop research stations.

The computed condenser centerline temperature for that CPC seems to behave very
similar between standard and 720 hPa pressure, although it reaches up to 1.5°C
difference before the peak saturation is reached. For the reduced pressure case, the
condenser centerline temperature decreases faster, which can be attributed to the
higher momentum diffusivity or kinematic viscosity and the thermal diffusivity at lower
pressure. A lower condenser temperature results in a lower saturation vapor pressure
as it is entirely dependent on the temperature. The vapor pressure in the condenser
section is roughly the same at both 1,013 hPa and 720 hPa pressure as the working
fluid’s vapor pressure is essentially a function of the saturator temperature. As can be
seen in equation (4.1), the saturation ratio S will increase at a lower saturation vapor
pressure. This should lead to an increased activation efficiency at smaller particle
sizes, as the Kelvin diameter is inversely proportional to the saturation ratio. In
consequence, theory predicts that at a lower saturation vapor pressure a CPC should
activate somewhat smaller particles and should be expected to have a lower cut-off
diameter than at standard conditions.

As displayed in Fig. 15, the results of the model analysis indicate that the theoretical
saturation ratio as a function of its dimensionless axial (z/R) coordinates peaks after
passing about one quarter of the condenser tube along its axis.
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Fig. 15: Modelling results for centerline temperature and saturation ratio of the CPC
condenser at standard pressure and a reduced pressure of 720 hPa.
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This is the case for both standard and reduced pressures, with the differences being
that there is a steeper slope in case of the reduced pressure and that its saturation
ratio reaches a higher peak saturation value.

Although the Sky-CPC 5.411 could not be modeled in this work, it is possible to
compare results with model data for the Grimm CPC model 5.41X that were publicly
presented (Steiner et al., 2018). Fig. 16 shows the saturation ratio of that generic
Grimm CPC model when operating it with standard temperatures of Tsat= 36°C for the
saturator and Tcon= 10°C for its condenser. As can be seen in the graph, the curve
peaks much earlier along the axis of its condenser tube than the one of the CPC 3772.
Notably, the saturation ratio of the CPC 5.41X also reaches a peak value that is
approximately a factor of three higher than in the CPC 3772.
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Fig. 16: Modelling results for the saturation ratio in a CPC 5.41X condenser along the axial
position at standard pressure (Graph courtesy G. Steiner).

In a next step, the numerical model was used to calculate saturation ratio profiles for
the generic CPC 3772 for the same two pressure levels of 1,013 hPa and 720 hPa
as in Fig. 15. In the resulting contour plots, the condenser saturation ratio as the z
dimension is expressed by different colors, with axial and radial positions being
normalized by the condenser radius. The two contour plots in Fig. 17 show the
saturation ratio S inside the CPC condenser versus dimensionless axial (z/R) and
radial (r/R) coordinates, with a lateral flow direction. Cooler colors, starting with blue
for the minimum value, represent lower saturation ratios and warmer colors, with red
for the maximum value, represent higher saturation ratios. The largest changes in
saturation ratio occur along the condenser’s centerline, from an S of 1 at condenser
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entrance until it rapidly peaks along the centerline. This maximum, expressed by the
dark red color, is reached after about one quarter of the total length.

Condenser Saturation Ratio Condenser Saturation Ratio

1

Fig. 17: Condenser saturation ratio profiles for 1,013 hPa (left) and 720 hPa (right) pressure
(Unpublished data and graphs courtesy of R. Han).

The corresponding theoretical counting efficiency curve for a CPC 3772 were then
calculated, which has a 10 nm lower detection limit. Results in Fig. 18 show a clear
effect on that simulated curve already when reducing the ambient pressure from
standard atmospheric pressure by a comparatively moderate drop of less than
300 hPa. As postulated by theory, the numerical model shows that the CPC activates
smaller particles at lower saturation vapor pressure.
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---720 hPa
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Fig. 18: Simulated counting efficiency curve for a generic CPC model 3772 with 10 nm
detection limit at 1,013 hPa (solid line) and 720 hPa (dashed line) pressure.
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There is a marked shift in the efficiency curve to a lower cut-off diameter and a slightly
steeper slope as displayed. The modeled dso cut-off diameter changes from 10 nm at
ambient pressure to 8.1 nm at 720 hPa. The impact on the slope of the counting
efficiency curve is less pronounced but it can be seen that there is a larger difference
between the two curves at e.g. 80% detection efficiency compared to 40% efficiency.
The numerical model also predicts a minor impact on the asymptotic detection
efficiency, as a value of 99% efficiency is already reached at a smaller particle size for
the reduced pressure.

4.3 Modelled counting efficiencies of the CPC 3772-CEN

Subsequently the model was applied to the exact geometry of the CPC 3772-CEN and
operating parameters relevant for the experimental work of this thesis. At first, the
model was compared to an experimentally determined efficiency curve as shown in
Fig. 19. This calibration curve was measured by the World Calibration Centre for
Aerosol Physics (WCCAP) at TROPOS in Leipzig, Germany. The measured efficiency
curve was fitted using an empirical approach based on a four-parameter exponential
function first described in Mertes et al. (1995) and later applied to different CPC models
by Wiedensohler et al. (1997) and Banse et al. (2001). The function fitted to the
measured efficiency also delivered the dso value, so the CPC’s cut-off diameter. In the
experimental calibration presented here it corresponds to 7.1 nm for silver particles.

1.2

1013 hPa (Mod)
—1013 hPa (Cal, fit)
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0 5 10 15 20 25 30 35 40
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Fig. 19: Simulated and experimentally determined counting efficiency curves for the CPC
3772-CEN at 1,013 hPa.
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The simulated efficiency curve and the curve fitted to the experimental calibration data
agree well for the cut-off diameter and the maximum detection efficiency at particle
sizes larger than 25 nm. The agreement is less than perfect for the d1o and dgo values
of the efficiency curve, as is evidenced by the slightly more tilted slope for the
measured calibration data. Reasons for the discrepancy between the experimental
and the simulated curve are boundary layer effects near the wall of the condenser and
phoretic particle losses, as well as diffusion losses for the smallest particles that the
model does not consider.

Next three comparatively moderate values of reduced pressure were selected, that is
to say levels of 900, 700 and 500 hPa. These pressures correspond to the ones where
the CPC 3772-CEN performed well, e.g. during measurements of the total
concentration for discrete, monodisperse particle sizes that are reported in the chapter
6.1. As can be seen in Fig. 20, the three efficiency curves generated by the model are
of a very comparable shape with the cut-off sizes shifted to smaller diameters with
decreasing pressure. The model calculates a very moderate decrease in the simulated
activation efficiency and the resulting cut-off diameter of just 0.7 to 0.8 nm for each of
the 200 hPa pressure steps. The slopes of the three counting efficiency curves are
remarkably similar and the particle sizes where 99% detection efficiency is reached
are still quite close to one another.
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Fig. 20: Simulated counting efficiency curves of the CPC 3772-CEN for reduced pressures
of 900, 700 and 500 hPa.

It is important to emphasize again that this two-dimensional model does not account
for particle losses due to diffusional deposition. This is worth considering as particle
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diffusion loss becomes the more important the lower the pressure and would therefore
be a cause for a shift of the dso to larger sizes. Yet diffusional losses of particles also
mainly happen before the particles are activated. Once they are activated, the
nanometer-sized particles grow very rapidly into micron-sized droplets, which are
essentially immune to diffusion loss effects.

In the end the modeling analysis was concluded by looking at even lower levels of
reduced pressure of 400, 300 and 200 hPa. The numerical model predicts a much
lesser effect of these pressure levels on the counting efficiency curves, but
nevertheless a continued shift to even smaller cut-off diameters as presented in Fig.
21. Interestingly, the shift subsides to a reduction in dso by only 0.2 to 0.3 nm. The cut-
off at 200 nm has shifted to 4.1 nm, from the 6.8 nm it had at standard atmospheric
conditions. This effect could be due to the saturation vapor pressure and hence the
Kelvin diameter not being linearly proportional to the pressure. There is even less
impact on the slope of the curves at these levels of pressure, and almost none that
separates the curves at 300 and 200 hPa.
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Fig. 21: Simulated counting efficiency curves of the CPC 3772-CEN for reduced pressures
of 400, 300 and 200 hPa, with 900 hPa shown for comparison.

Although the Sky-CPC could not be modeled in this work, it is possible to make a very
basic comparison of the reductions in the cut-off diameter calculated by the numerical
model for the 3772-CEN with the experimentally determined values reported by
Bundke et al. (2015). For the relatively moderate values of reduced pressure from 900
to 600 hPa, their calibration of the Sky-CPC seems to show an average reduction in
the cut-off size on the order of 0.7 nm for each increment of 100 hPa, although this
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change is smaller than the uncertainty of the measurement expressed by the error
bars. Yet it might indicate that the changes are about twice the value predicted by the
model for the CPC 3772-CEN for each of the 200 hPa pressure steps shown in Fig.
20. Interestingly, most of the shift to a smaller dso size of the Sky-CPC seems to have
happened until the 600 hPa pressure level. The change gets significantly smaller when
the pressure is further reduced to 200 hPa. For the lower levels of reduced pressure,
the experimental dso values for the Sky-CPC indicate an average depletion of only
0.1 nm per 100 hPa, which compares to between 0.2 and 0.3 nm reported by the
model for the CPC 3772-CEN for the same pressure increment as seen in Fig. 21. In
other words, there does not appear to be a simple relationship between experimentally
reported cut-sizes of the Sky-CPC and the ones determined for the 3772-CEN CPC
by the analytic model. This gets even more complicated when considering that the
experimental data reveal a reduction by a considerable 1.2 nm when further lowering
the pressure by just 30 hPa down to 170 hPa.

Another metric to summarize the modeled results for the CPC 3772-CEN are the
characteristic deo, dso and d1o diameters that represent the particle sizes detected with
90%, 50% and 10% efficiency. The deo diameter with a counting efficiency of larger
than 90% was introduced with the calibration requirements for the EURO emission
legislations explained in chapter 2.5. The d1o is not frequently used but a characteristic
value that provides insight into which of the very smallest particles are only just
counted, with a 10% efficiency. The results for these three cut-sizes obtained by the
model at the six levels of reduced pressure are compared to standard conditions of
1,013 hPain Tab. 6.

Tab. 6: Pressure dependence of modeled characteristic diameters of the CPC 3772-CEN.

Pressure [hPa] dgo [nm] Cut-off, dso [nm] d1o [nm]
1,013 10.9 6.8 5.4
900 10.2 6.4 5.0
700 9.0 5.6 44
500 7.8 4.9 3.9
400 7.3 4.6 3.6
300 6.8 4.3 34
200 6.5 4.1 3.2

In conclusion, the numerical model delivered theoretical counting efficiency curves and
doo, dso and d1o cut-sizes for all pressure levels that were considered to be of interest
for this work. The results demonstrate a reasonable agreement between the modeled
and experimentally determined counting efficiency curves for a CPC 3772 at standard
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conditions of 1,013 hPa. When lowering the pressure gradually in discrete steps, three
effects can be observed. Firstly, the model tells us that the counting efficiency curve
will shift to smaller diameters, even though only very slightly. For this particular model
CPC, the highest cut-off diameter of 6.8 nm is the one obtained at a pressure of
1,013 hPa. The lowest theoretical cut-off size of 4.1 nm is the one at the lowest
pressure of 200 hPa used by the model. Secondly, the mathematical model predicts a
minor change in the slope of the curves. Below the respective activation sizes, the
counting efficiency decreases very rapidly at all pressures modelled, with the
theoretical curves dropping more sharply to zero than experimental ones. The lowest
pressure of 200 hPa modelled also yields the sharpest theoretical efficiency curve.
Although differences in the shape of the efficiency curves for the different pressure
levels are small overall, they are greater for the increment from 900 hPa to 700 hPa
than for the increment at the lowest pressure from 400 hPa to 200 hPa. Thirdly, the
model deduces no apparent decrease in the maximum asymptotic counting efficiency
in the modelled results. This being said, there are bigger differences in the particle
size at which a maximum counting efficiency of 99% is achieved. The corresponding
diameter declines from 16.6 nm at 1,013 hPa to just 10.0 nm at 200 hPa.

As explained in the beginning, this particular numerical model makes several
simplifications and uses assumptions that are not fully representative of what is
happening during real-life operation of a CPC at reduced pressure. Nonetheless, it
points to some trends and effects that will be interesting to compare to the outcomes
of the various experiments done in this thesis.
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5. Experimental set-up and characterization

This chapter provides a detailed description of the experimental set-up and explains
the flow, pressure and RH control system required to achieve stable conditions of all
parameters in depth. Subsequently, key features of the instruments used in the
experiment are reported and the two aerosol generators are characterized to
determine their optimum operational settings for the calibration of CPCs.

5.1 Calibration setup

In order to better understand the inconsistent findings of previous studies, an extensive
experimental characterization of two different CPC models was carried out in this work.
The calibration of the CPCs was done simultaneously at several discrete levels of
reduced pressure with two, quite different particle materials that serve as proxy for the
practical applications described in chapter 2.5. Ammonium sulfate serves as a
calibration aerosol representative of atmospheric background and flame soot as an
aerosol that is characteristic for combustion emissions. Lastly, the CPCs were
calibrated using 38 different particle sizes, which resulted in a very high size resolution
of the calibration from 2.4 nm to 136 nm. An additional interest was the role that
modest amounts of relative humidity (RH) can play in the activation of the smallest
sized particles in a CPC. All of the aforementioned low-pressure studies were
conducted under essentially dry conditions. Nonetheless CPCs are known to exhibit
some material dependence around their lower detection limit and for instance
compounds condensed on the surface of soot particles will increase their activation.
Therefore, the measurements were also performed at 4 to 5 discrete RH levels ranging
from 1% to 40% for each pressure stage. The working hypothesis for this particular
aspect was that the minimum particle size at which a CPC can activate condensation,
the Kelvin diameter, is not only dependent on thermodynamic properties but that
relative humidity could impact it e.g. due to surface effects.

In order to calibrate a CPC for its performance at both low pressure and different levels
of relative humidity (RH) it is necessary to achieve a stable control of the absolute
pressure as well as of the RH levels during the entire duration of the experiments. In
Bundke et al. (2015) an advanced calibration setup was described in greater detail,
which was also used for these experiments after some modifications were made. The
main constructive changes are that a larger number of instruments could be included
for simultaneous measurements and the corresponding larger sample flows could be
accommodated even at low-pressure conditions. The modified setup also used an
improved pressure and humidity control that allows for an automated measurement at
variable pressure levels at pre-defined, stable values of relative humidity. This
modified experimental setup is described in the following chapters in greater detail.
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5.1.1 Flow control

The control system of the experiment was custom-designed in the aerosol laboratory
at Forschungszentrum Jiilich. It relies on a mixing chamber with well-defined input and
output flows at its center. The output flow from that chamber represents the desired
calibration aerosol at its chosen pressure set point and RH value. The required
pressure level is controlled by a main input flow Vp, which enters the mixing chamber
through a mass flow controller (MFC, Model F-201EV, Bronkhorst High-Tech B.V.,
Ruurlo, Netherlands), followed by a high efficiency particulate air (HEPA) filter. Two
additional flows are used to achieve and maintain the desired level of relative humidity.
Dry mixing air is added by an input flow Vi, while humidified air is added by a flow Vs
until the setpoint value of RH is reached. This humid airflow can be saturated with up
to 100% relative humidity by passing it through a bubbler column that is partially filled
with distilled, particle-free water. Both flows are controlled by identical MFCs and pass
through subsequent HEPA filters before they are combined prior to entering the mixing
chamber. The resulting combined flow Vm is held constant so that the control of
pressure and the control of relative humidity are independent of each another. The
basic flow schematic of the pressure and RH control system is presented in Fig. 22.
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Fig. 22: Basic flow schematic of the pressure and humidity control system.

One additional flow also enters the mixing chamber, which is the aerosol flow Vae from
the monodisperse outlet of the DMA. This is the only input flow entering the mixing
chamber that is not actively controlled by an MFC as small particles could be deposited
and therefore get lost inside it. Instead, this flow is passively controlled by a critical
orifice, which has the dual advantage that it keeps the input flow of the monodisperse
aerosol constant at a fixed value without any active control and without any significant
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particle losses. The flow rate through the critical orifice is constant as long as the
pressure drop across it is enough to maintain critical operation. The pressure
dependent range for the desired nominal aerosol flow of 1 L/min was verified by an
external mass flowmeter (MFM, Model 4140, TSI Inc.) and is given in Tab. 7 and Fig.
23. Based on these flow measurements it was decided to not use any results above
800 hPa for the performance calculations.

Tab. 7: Flow rates through the critical orifice as function of operational pressure (at 30% RH).

Pressure Flow rate
[hPa] [L/min]
1,013 0.20 £ 0.01
900 0.66 £ 0.01
800 0.89 £0.02
700 0.97 £ 0.02
500 1.08 £ 0.03
400 1.12+0.03
200 1.14 £ 0.03
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Fig. 23: Mass flow rate through critical orifice as function of the operational pressure as
measured by an external mass flowmeter (MFM, Model 4140, TSI Inc.).

The reason is that at these higher pressures the critical orifice did not operate at or
close enough to critical conditions. Although even a difference of 10 to 15% in the
aerosol flow rate might seem large at first, it actually only has a minor effect on the
mean electrical mobility of a particle and hence the size classification in a cylindrical
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DMA. The main impact would be on the particle number concentration measured,
which is not that important when both the CPC under calibration and the reference
instrument measure it side by side.

In order to guarantee a stable operation of the pressure and RH control system, the
aforementioned three input flows Vp, Vm und Vae must be kept in balance with the
output flow Vout at each pressure level. The output flow is dependent on the number
of instruments sampling calibration aerosol from the main line as well as the excess
flow Ve that is controlled by another MFC. The purpose of the excess flow is to ensure
a minimum flow rate through the system that is needed to achieve the nominal
pressure level especially at very low pressures but also to compensate for changes in
the aerosol flow Vae, which is dependent on the pressure inside the mixing chamber.
All instruments sampling from the main line are using built-in critical orifices or MFCs
and their own connection to external vacuum. The pump providing the vacuum is
operated so that it produces a pressure that is much lower than the one inside the
mixing chamber to ensure proper operation of the critical orifices of the instruments.

5.1.2 Pressure and RH control

In this experimental setup, pressure and relative humidity are controlled in a closed-
loop system by custom-software programmed in LabView (National Instruments Corp.,
Austin, TX, USA). This proprietary software program developed at Forschungszentrum
Julich ensures that all nominal conditions are maintained over the course of each
experiment and also that data are simultaneously collected from all sensors and
instruments in real-time. The automated control, measurement, and rapid data
acquisition system was developed at the Institute IEK-8 in Jllich and adapted for these
experiments. The following section provides some design criteria of the closed-loop
control system (Fischer, 2019).

At the heart of the control loop is a PID controller that is used to control the pressure
in the experiment. It uses the actual pressure value and the setpoint for the desired
pressure as input variables to determine the necessary flow difference as its control
variable. Under steady state conditions, the flow set in the MFC is a function of
temperature, pressure and the flowrate itself. The PID controller now only varies the
flow difference to increase or decrease the pressure in the mixing chamber. The
controller assumes that the conversion from voltage to volume flow Ve is
approximately proportional with a simple delay. Since the tubes and tubing in the
experiment effectively represent a buffer volume, the volume flow from the MFC to the
mixing chamber leads to a further time delay. At nominal operational settings, the
pressure thus depends on the integral of the volume flow Vp.

For the humidity control, the relative humidity set point serves as the output parameter
in the control loop. The ratio of the two MFCs that effectively produce the mixing flow
Vm is the input parameter for the humidity control of the system, which leads to a
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proportional setting of the humid air flow Vr through the corresponding MFC with a brief
time delay. This in turn adjusts the relative humidity of the entire input flow into the
chamber proportionally and with a time delay due to the buffer volume of tubes and
tubing. Since the mixing chamber itself also has a considerable volume, the humidity
control of the input flow is lagging, which leads to a large time constant that has to be
compensated. In order to make the control respond as fast as possible, a PID
controller was chosen as it permits the compensation of different time constants.

Both, pressure and humidity control, include dead times due to the duration of a
program iteration of the control program as well as the buffer volume of the tubing. In
addition, they influence each other and the humidity control in particular is influenced
by the pressure control. The pressure control also has transfer coefficients that are
time-variant, e.g. one which includes the pressure itself. In summary, both systems
are non-linear, time-variant and use control parameters that often reach their physical
limits. For these reasons, the controller parameters were set heuristically in the
control-loop and thereby a sufficiently rapid control was made possible. It is also
important that the closed-loop system essentially controls the balance, so only the
differences are adjusted which leads to a comparatively quick response to all changes
made. This control of pressure and relative humidity as well as of the various flows
was implemented in a modified version of our laboratory’s custom LabView program.

5.2 Instrumentation

In the calibration experiments, two different types of aerosol generators were used. A
constant output atomizer (home-made version of the Model 3076, TSI Inc.) produced
the ammonium sulfate (AS) aerosol from an aqueous solution. The second aerosol
source was a soot generator, which was chosen for the combustion aerosol
measurements. After the freshly generated aerosol from either source was conditioned
by either drying or cooling depending on the aerosol generator used, it then passed
through a T-connection where excess air was vented before the aerosol entered the
size classification section. In that part, the aerosol was first charge-conditioned using
an Am-241 aerosol neutralizer. Monodisperse particles were then selected using a
Vienna-type Differential Mobility Analyzer (Model M-DMA 55-U, Grimm). The DMA
was connected to the low-pressure section of the experiment by the critical orifice that
drew the monodisperse aerosol into the mixing chamber. An important difference to
the prior work of Bundke et al. besides the use of different aerosol generators is the
addition of relative humidity control for each pressure level as described in the previous
chapter. At each low-pressure stage, the relative humidity was varied to stable values
between 2% and 40% RH. All of the experiments were made at discrete pressure
levels between 800 hPa and 200 hPa, but for an initial characterization of all three
CPC models at 950 hPa. Downstream of the mixing chamber, a 25 mm-diameter main
line with a total length of 800 mm permitted the connection of up to five instruments
simultaneously. The main line after the mixing chamber also permits the addition of
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further sampling ports to accommodate even more instruments, provided the
concentration of the calibration aerosol and the flow rates are large enough. The five
sampling ports were positioned 100 mm apart along the length of the main line, with
one additional port at the end to bleed off all excess air through a mass flow controller.
Each of the ports draws its sample from the centerline of the flow through a custom-
made nozzle. The nozzles were designed to enable isokinetic, isoaxial aerosol
sampling and can be exchanged depending on the flowrates used. During the
experiments, flexible conductive sampling tubing of 250 mm length was connected to
the outer end of the sampling ports to all instruments that drew sample flows of 0.6
L/min. The length of the tubing was adjusted proportionally for those instruments that
drew higher flows of 1.0 L/min. Fig. 24 presents the basic schematic of this
experimental setup.
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Fig. 24: Schematic of the experimental setup used for low-pressure calibration at defined
humidity levels. In the above configuration, an atomizer is used as aerosol source.

5.2.1 Key characteristics of the CPCs

In most of the measurements two continuous-flow CPCs were operated side-by-side,
which were the Sky-CPC 5.411 (Grimm) and the CPC 3772-CEN (TSI Inc.). Both
instruments use butanol as their working fluid as such alcohol-based CPCs are the
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ones that are by far the most common type operated at reduced pressure. Both models
are of the full-flow design, so the entire aerosol flow that is sampled is subsequently
passed through the measurement zone without any internal splitting of the flow. These
CPCs are both comparable to the butanol CPC models used in the previous low-
pressure studies, of which all but one model have been discontinued by their
manufacturer since. The notable exception is the Sky-CPC 5.411 which is still in
production. In this experiment it provides good comparability and consistency with the
initial characterization of that same CPC model done by Bundke et al. (2015). This
CPC is also part of the P2c aerosol package developed by our research group at
Forschungszentrum Jilich for the IAGOS infrastructure. A brief overview of the
nominal technical specifications of the two CPCs is given in Tab. 8.

Tab. 8: Overview of nominal key characteristic of the three CPC models intended for use in
this work according to the manufacturers.

Sky-CPC 5.411 CPC 3772-CEN  WCPC 3783

Working fluid Butanol Butanol Water

Nominal detection limit (dso) 4 nm 7+0.7 nm 7 nm

Maximum concentration 100,000 P/cm? 50,000 P/cm?® 1,000,000 P/cm?
Nominal flow rate 0.6 L/min 1 £0.05 L/min 0.6 £ 0.06 L/min
Response time (t1o-tso) <3s <2s <5s

CPC temperatures 36°C, 10°C, NA 39°C, 22°C, 40°C 20°C, 60°C, 60°C
(Tsat, Tcond, Topt)

Absolute pressure range 12510 1,100 hPa 750 to 1,050 hPa 500 to 1,110 hPa

The CPC 5.411 is intended to be used for airborne applications and was therefore
named “Sky-CPC” by its manufacturer. It has a nominal lower cut-off diameter of 4 nm,
although it should be noted that in their prior study Bundke et al. (2015) decided to
adjust their Sky-CPC to a 13 nm detection limit, so the influence of diffusion losses is
reduced. The operational temperatures of this conventional cooling type CPC are
maintained at Tsat= 38°C for its saturator and Tcon= 10°C for its condenser. lts sample
flow rate is kept at a constant 0.6 L/min by a critical orifice. The response time of the
CPC 5.411 is specified as being less than 3 seconds for a 10% to 90% step change.
Most importantly, the manufacturer guarantees operation at atmospheric pressures
ranging from 125 to 1,100 hPa. It also is a relatively compact CPC that has been
stripped to its core measurement engine as shown in Fig. 25.
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Fig. 25: Picture of the two current CPC models used in the experiment: Sky-CPC 5.411
(Grimm) on the left and CPC 3772-CEN on the right (Photograph © TSI Inc.).

The Sky-CPC also reports a “C1/C0Q” value, which allows a general assessment of the
quality of the CPC measurement. This value relates the light-scattering signal that is
detected when particles pass through its laser beam to the growth of the butanol
droplets. A calculated number concentration for the pulse height of the measured
particles C1 is set into relation to the particle concentration for a given threshold value
CO. If the ratio C1/C0 equals 1, C1 and CO match and all particles grow into droplets
of essentially the same size as expected under correct operation conditions. This is
not the case for a ratio <1, typically because the assumed saturation conditions are
not fully achieved. During the measurements the C1/CO0 ratio was always read out with
the raw data from the CPC and recorded in the respective data set.

The other butanol CPC in the experiment was the model 3772-CEN (TSI Inc.) that was
introduced in mid-2016, which has not been characterized for its performance at
reduced pressure previously. It is also a single-particle counting, continuous-flow
instrument with a comparatively small footprint as can be seen in Fig. 25. In fact, the
CPC 3772-CEN shares the same geometry with the Engine Exhaust CPC 3790
(EECPC, TSI Inc.) as well as with the CPC 3771 that Takegawa and Sakurai (2011)
evaluated, which has not been commercially available since 2011. The CPC 3772-
CEN is of particular interest to many users as it was developed for regulated
measurements of the particle number in ambient air, which could lead to its use in
cities located at high elevation as well as high-altitude research stations. It was
specifically designed to meet the Technical Specification CEN/TS 16976:2016 that
defines stringent performance characteristics for CPCs used to monitor atmospheric
aerosol. The CPC 3772-CEN is specified with a lower size limit (dso) of 7 nm based on
a calibration with sintered silver particles produced by the evaporation/condensation
method according to CEN/TS. The manufacturer offers a dedicated external
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calibration by the World Calibration Center for Aerosol Physics (WCCAP) at the
Leibniz Institute for Tropospheric Research (TROPOS) on request. The CPC 3772-
CEN has a t1o-teo response time of <2 seconds, which is helped by its comparatively
high detected aerosol flow rate of 1.0 L/min. The aerosol flow is maintained using an
internal critical orifice and an external vacuum source. Its internal temperatures of
saturator and condenser are controlled to 39°C and 22°C, respectively, with the optics
held at a constant temperature of 40°C. The CPC 3772-CEN has a built-in pulse height
analyzer that triggers an error when the pulse amplitude decreases significantly below
a minimum pulse height of 1 V. This automatically sets an error flag to indicate the
presence of a measurement problem. Crucially for this work, the manufacturer only
guarantees operation at an ambient pressure range from 750 to 1,050 hPa, so this
CPC model is not actually intended or designed to work at very low pressure.

Finally, a third CPC was included in the initial phase of the experiments. This
instrument was an environmental monitoring, water-based type (WCPC, Model 3783,
TSI Inc.). The main objective for including a WCPC was to also test an instrument that
uses a different working fluid. This second generation WCPC also has a lower
detection limit of 7 nm, verified with DMA-classified sucrose. As explained in chapter
2.2.3, the WCPC 3783 uses more extreme operational temperatures, which are
maintained at 20°C for the conditioner and at 60°C for both the growth tube and the
optics. The second-generation design also relies on a more complex set-up, with water
filing and draining lines as well as a corresponding fill valve and drain pump.
Unfortunately, it turned out that | was not possible to perform any meaningful
measurements with the WCPC 3783 at reduced pressure. While water has many
advantages, the diffusivity of the water vapor in air is higher than the one of butanol
vapor. Already slight changes to the ambient pressure resulted in water quickly
flooding the instrument in several places. One specific issue was the water separator,
from which water is pumped out by an ejector pump at standard condition. Its air outlet
is connected to the external vacuum, but also to the transport flow and the auxiliary
flow via several flow orifices. These constructive details contributed to the internal
flooding and blocking of orifices when the WCPC was exposed to even the slightest
changes from ambient pressure. A work-around that included disabling the WCPC
3783’s low-pressure shutdown mode in the firmware and disconnecting cables that
provide power to the solenoid valve that shuts-off once the pressure drops by about
70 or 80 hPa was tried. Further, the internal water separator was by-passed to avoid
any free-flowing liquid ending up in undesirable places within the instrument when
exposed to low-pressure. Unfortunately, this still did not enable any meaningful
measurements once the inlet pressure dropped by more than 70 hPa.

Therefore, only corrected data for measurements done at 950 hPa are exemplarily
reported here. As can be seen in Fig. 26, all three CPC models — 3772-CEN, WCPC
3783 and Sky-CPC 5.411 — behaved almost identical at near-standard pressure. The
shape of the three counting efficiency curves, the maximum concentrations achieved
at 30 nm and even the lower cut-off diameter were very similar.
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Fig. 26: Detection efficiency of the CPC 3772-CEN (dark blue), the water-based CPC 3783
(light blue) and the Sky-CPC 5.411 (red) for ammonium sulfate at 950 hPa.

It should be noted that these results from one specific set of measurements are only
given as an example and that the agreement may vary depending on the exact
measurement conditions. Just before the end of this work, | got involved with the low-
pressure characterization of a new, third generation water-based CPC at Pacific
Northwest National Laboratory in Richland, WA (USA). The Atmospheric Sciences &
Global Change Division at PNNL has access to the Atmospheric Radiation
Measurement (ARM) user facility for airborne measurements during intensive field
campaigns. The ARM just acquired a new Bombardier Challenger 850 aircraft, which
will be used to measure pollution plumes in Amazonas state in Brazil. PNNL plans to
fit the aircraft with a versatile WCPC (Model 3789, TSI Inc.), which required a thorough
characterization of its detection efficiency at different levels of low-pressure. They are
also working on the development of a corresponding operation protocol. Initial
performance data for that WCPC model were presented at the AAAR 2020 conference
(Mei et al., 2020). It should be emphasized that | contributed to that characterization
merely as a co-author and did not take part in any of the measurements myself, so it
is only included here for further reference.

5.2.2 Technical modifications of the butanol CPCs

In general, a modification of the CPC is necessary in order to operate it successfully
at reduced pressure. The exact details of the modification required will differ
depending on the CPC model in question. Hardware modifications often concern the
working fluid and its fill system but also components like internal filters that can
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introduce a problematic pressure drop at high altitude or low pressure. Moreover, it is
critical that the volumetric flow rate is always maintained while operating the CPC at
reduced pressure, which is why internal pumps are often replaced by critical orifices
and external vacuum. The Sky-CPC 5.411 is an exception to this as the manufacturer
offers it as a device that is already optimized for low-pressure operation. Its special
characteristics are that it is leak-tight, has a flow control independent of the ambient
pressure and a working fluid management that complies with aviation safety rules.
Along with that, the Sky-CPC 5.411 is specified to work over a range of absolute
pressure from 125 to 1,100 hPa. In order for the instrument to function properly down
to 125 hPa, the CPC must first be put into a service mode and receive a firmware
command that enables its low-pressure operation.

The CPC 3772-CEN, on the other hand, is officially only specified by its manufacturer
to work at an ambient pressure between 750 and 1,050 hPa. This pressure range is
monitored by a built-in ambient pressure transducer, which has to be disabled and
bypassed for low-pressure experiments. Under normal operation, this pressure
measurement acts as a precaution as the air in the wick of the CPC can outgas which
would cause the butanol to be displaced when the pressure on its inlet drops. With the
wick above the aerosol inlet on the CPC 3772-CEN, any extra butanol could pool at
the aerosol inlet and eventually get sucked up into the optical chamber, which would
lead to flooding of the optics and cause false counts. Therefore, special care was
always taken to lower respectively increase the pressure in the experiments only very
slowly and gradually. An overview of these minor modifications is given in Tab. 9.

Tab. 9: Overview of modifications to the butanol CPCs.

Model Modification

5.411 (Grimm) e Firmware command for operation at reduced pressure
(proprietary, needs to be obtained from manufacturer)

3772-CEN (TSI Inc.)

Firmware command for operation at reduced pressure
(proprietary, needs to be obtained from manufacturer)

e Built-in ambient pressure transducer disabled and by-passed

5.2.3 Key characteristics of the Aerosol Electrometers

Furthermore, there were two aerosol electrometers in the experiment, the FCE
Electrometer (Model 5.705, Grimm) and the Aerosol Electrometer 3068B (AEM, TSI
Inc.). Both are Faraday cup instruments that are commonly used as reference for the
particle number concentration in the calibration of CPCs. They consist of a Faraday
cup containing a filter holder with a high efficiency particulate air (HEPA) filter, an
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insulator, appropriately shielded housing and an electrometer circuit. The flow through
the electrometer is generated by an external vacuum source, which is controlled either
by internal means as shown in the schematic diagram in Fig. 27 or by an external
mass flow controller.

External
Vacuum Pump

Proportional  ;===========smmmmmmmene A

Model 4140 Solenoid ! :
Flowmeter Valve . : Exhaust

(8) ' . :

Shield

Housing Signal
\

Feed-through

/ Signal
Sample Inlet / Processor

0.3 to 10 L/min

Signal
Output

/ z
i Inner
Filter Housing

Insulator

Insulator

S
Faraday Cup

Fig. 27: Operating principle of aerosol electrometers (Schematic courtesy of TSI
Incorporated, Model 3068B User's Manual).

When charged particles pass through the aerosol electrometer, they are collected on
the conductive filter inside the Faraday Cup. The electrometer sensor that is
connected to the filter detects that rate of charges. The signal processor subsequently
delivers an electric current that is proportional to the charges collected. When the
flowrate through the Faraday cup is accurately known and multiple-charge effects are
properly corrected, an aerosol electrometer delivers very precise measurements of an
aerosol’s particle number concentration.

The FCE 5.705 is actually identical with the unit that Bundke et al. (2015) used for their
low-pressure performance work on the Sky-CPC 5.411. One difference to other
electrometers is an internal rinse flow that surrounds the insulator of the Faraday cup,
which was introduced to minimize the effect of current leakage caused by
contamination. In the experiment the rinse flow was controlled to 0.5 L/min by an
external MFC. The AEM 3068B is identical to the model used by Takegawa and
Sakurai (2011), although they stated that they had their unit calibrated separately to
the primary standard aerosol electrometer of the National Institute of Advanced
Industrial Science and Technology (AIST). For several measurements both
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electrometers were included, one as the actual concentration reference and the other
as an independent method to validate the results of it. Some of the salient technical
specifications of these two aerosol electrometer models are given in Tab. 10.

Tab. 10: Overview of main specifications of aerosol electrometer models used in this study.

FCE 5.705 AEM 3068B
Manufacturer Grimm TSl Inc.
Nominal cut-off [nm] 0.8 2
Nominal flow rate [L/min] 1.0 0.3t0 10
Sensitivity (RMS) [fA] 0.1 1

(0.35 RMS) (£1)

Maximum range [fA] 4,000 12,500
Operational humidity range 0 to 95% RH 0to 90% RH

5.2.4 Electrometer characterization

It is well known that aerosol electrometers are subject to an inherent noise of the
current in their electronic system. The shot noise comes from unavoidable random
fluctuations of the electric current when charged particles move inside the Faraday
cup, which results in a background signal or offset current. This offset current
fluctuates second by second but it can vary day by day particularly when the ambient
temperature changes. Therefore, before any calibration can be carried out the aerosol
electrometer’s offset current has to be measured by sampling particle-free air. Once
the zero offset has been determined it can be subtracted from the total current
measured to calculate only the current caused by the charged particles.

The zero offsets of the two electrometers, the AEM 3068B and the FCE 5.705, were
measured while sampling HEPA-filtered air in 3 min intervals with 1 s averages. The
measurements were then repeated also at four levels of low-pressure and for a defined
relative humidity as given for the FCE 5.705 electrometer in Tab. 11.

Tab. 11: Averages and standard deviations of the electrometer offset currents of the FCE
5.705 for a relative humidity of 20% at four low-pressure levels.

200 hPa 400 hPa 700 hPa 900 hPa
RH [%] 20.2 20.0 20.0 19.9
AVG [fA] 131.3 142.6 128.8 105.2
STD [fA] 60.7 67.3 44.6 45.0
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These measurements were done in an air-conditioned laboratory to minimize any
contribution due to temperature fluctuation. Before starting the measurements, several
minutes had to pass for the current readings to reach steady values, to ensure that
any remaining charged particles were purged from the instruments. As can be seen in
the values shown as function of measurement time in Fig. 28, both of the electrometer
models have proven to be quite stable. The four intervals in that graph correspond to
35%, 20%, 5% and 3% RH. There is no apparent drift in the offset and no notable
dependence on relative humidity for the levels tested. The apparently higher scatter
of the FCE 5.705 electrometer is only caused by its higher sensitivity and the more
rapid 200 ms response time. Also, the AEM 3068B has a running average time option,
which was set to 5 s during all of the offset measurements.
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Fig. 28: Electrometer offset current for the FCE 5.705 and AEM 3068B electrometers over
3-minute intervals at varied RH. The dotted line represents the average noise value.

Since both aerosol electrometers agreed well with each other, it was decided to
continue with the FCE 5.705 electrometer that was previously used by Bundke et al.
(2015) as the primary concentration reference. This allowed a direct comparison to the
data that they obtained with a largely similar experimental setup. Based on the offset
measurement results, the corresponding averages were used as electrometer zero
offset values for the calibration, which always resulted in offset values being in a range
between 100 and 200 fA.

5.3 Choice of calibration aerosols

Over the years various aerosols have been used for the calibration of CPCs, both at
ambient and also reduced pressure conditions. These include but are not limited to
sodium chloride (NaCl), ammonium sulfate (AS, (NH4)2SOa), sucrose (C12H22011),
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tungsten oxide (WOx), silver (Ag), combustion soot and oil droplets from e.g. di(2-
ethylhexyl) sebacate (DEHS) or poly-alpha-olefin (PAO, also known as Emery oil).
Some of these particles are spherical, some are cubic or crystalline, and others are
aggregates. Although differences in the aerosol material are not likely to account for a
large difference in the total concentration performance of butanol-based CPCs, they
can have a notable influence on their lower detection limit. There were several earlier
studies that have investigated the activation response in butanol-based CPC’s based
on the particle composition (Sem 2002, Kulmala et al., 2007, Giechaskiel et al.,
2011b), although none of them did so at reduced pressure. In this study one goal was
to calibrate the CPCs with two well-defined calibration aerosols, one being
representative of atmospheric background and a combustion aerosol to represent
urban aerosol dominated by traffic emissions. Crucially for this work, the calibration
aerosols had to be produced stably down to the small nanometer size range. In
addition, concentrations were also required to be high enough for simultaneous
detection by the different CPCs under calibration and at least one aerosol electrometer
used as concentration reference.

5.3.1 Calibration aerosol for atmospheric background

Ammonium sulfate (AS) was chosen as proxy for an atmospheric background aerosol
in this work. It is a hygroscopic salt, so it takes up water from the relative humidity of
the ambient air. Under high RH conditions it could thus be expected that the size
distribution of an AS aerosol shows more or less pronounced shifts to larger particle
sizes when compared to completely dry conditions. An additional benefit of using
ammonium sulfate is that it allows a direct comparison to the work done by Bundke et
al. (2015) with the same particle material. From a practical perspective, ammonium
sulfate is a white solid that is extremely soluble in water due to its ionic nature.
Therefore, a calibration aerosol can be easily generated by atomizing ammonium
sulfate dissolved in distilled water. It is known to form almost spherical particles when
atomized and to activate easily inside a CPC. The AS calibration aerosol was
generated in a home-made variant of the constant output atomizer. The Ammonium
sulfate aerosol then passed through a self-built diffusion drier of approximately 350
mm length that consists of two concentric cylinders made of wire mesh. The annular
space between them is filled with silica gel and the aerosol passes undisturbed through
the inner cylinder. An initial experiment was done to determine what amount of AS
solid powder should be dissolved in ultrapure water (high-performance liquid
chromatography respectively HPLC grade water), so suitable aerosol concentrations
in the small nanometer size range are achieved.

The ammonium sulfate aerosol was generated by putting a defined mass of AS powder
into distilled water and by aerosolizing it in the atomizer aerosol generator. The
generator was a device built at the aerosol laboratory of IEK-8 in Julich, which is
essentially identical to a constant output atomizer (COA, Model 3076, TSI Inc.). In the
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atomizer head, compressed air is forced through an orifice, resulting in a high-velocity
jet. This jet uses the Bernoulli effect to draw up the liquid solution through a vertical
suction tube from the atomizer’s reservoir bottle, which is then atomized. The aerosol
leaves the atomizer through its aerosol outlet at the top as is illustrated in Fig. 29. This
aerosol consists of water droplets containing small amounts of ammonium sulfate,
which are subsequently dried in a diffusion drier to remove the water content so that
only solid ammonium sulfate particles remain as the calibration aerosol.
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Fig. 29: Schematic of the atomizer head (TSI Inc., Model 3076 Manual).

Note that the inner wall opposite the orifice in the COA serves as an impactor that
removes undesirably large droplets and drains them back into the atomizer bottle as
excess liquid solution. The large droplets that are drained back contain a greater
amount of dissolved material, which can cause the atomizer solution in the reservoir
to become more concentrated when the atomizer is operated in this recirculation
mode. Depending on the initial concentration, the result can be a notable increase in
the diameter of the particles already over a period of several minutes. One approach
to address this especially when using volatile solvents is to operate the atomizer in a
non-recirculating mode. In this mode of operation, the excess liquid drains off into a
separate atomizer bottle that collects the waste solution. Both atomizer bottles then
also need to be connected by another line that equalizes the pressure between them.

The primary droplets produced by the atomizer are dried to form a secondary aerosol
from the dissolved particles. This atomizer design produces a polydisperse droplet
aerosol with a geometric standard deviation g4 of 1.6 to 2.0. The final calibration
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aerosol generated by the atomizer depends on the amount of dissolved AS material
contained in the initial water droplets. Accordingly, an optimum particle size range
exists for each concentration and the particle size distribution can be varied over a
limited range by putting more or less AS powder into solution. The more material is
contained in a single droplet, the larger the median diameter of the particle that forms
from the dissolved material. The resulting particle diameter can be theoretically
expressed by the following equation (Hinds, 1999):

dy=da*JF, (5.1)

where dp is the particle diameter,
ddthe initial droplet diameter, and

F, the volume fraction of the dissolved solid material.

Unfortunately, this formula seems to be insufficient to fully describe the relationship
between the dissolved material and the resulting mean particle size in reality. Chen
and Chein (2006) reported discrepancies between their experimental and theoretical
results that grew larger when concentrations of the dissolved solid material decreased.
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Fig. 30: SMPS size distributions for a range of AS concentrations in distilled water.
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Their conclusion was that this observed effect was due to an accumulation of
impurities from the solvent on the resulting solid particles, even when using laboratory-
grade purified water. So, rather than relying on the formula, it has been experimentally
determined what concentration of ammonium sulfate to put into solution with the help
of a Scanning Mobility Particle Sizer (SMPS). The relationship between the AS
concentration dissolved in one liter of distilled water and the resulting particle size
distribution from these measurements can be seen in Fig. 30.

Building on prior measurements, six different solutions ranging from 0.05 to 5 g AS
per liter of distilled water were tested to achieve a size range that works well for these
experiments. The median diameter of the resulting aerosol, its geometric standard
deviation and total concentration for these measurements are given in Tab. 12.

Tab. 12: Key parameters of the aerosol produced by atomizing a range of AS concentrations.

50g/L 3.0g/lL 15glL 05glL 0125g/L 0.05g/L

Median [nm] 31.2 23.5 17.2 15.7 12.2 10.3
GSD 1.66 1.72 1.82 1.82 1.86 1.86
Total conc. [P/cm?] 2.7x10° 15x10° 1.4x10° 7.6x10* 3.8x10* 25x10*

The calibration of CPCs requires a sufficient concentration of the aerosol also in the
small nanometer size range near the lower cut-off of the instrument. For that reason,
the solution that produced the highest number of particles between 5 and 20 nm was
selected. According to the results from these preliminary measurements, it is the case
for a concentration of 1.5 g AS per liter of distilled water. While that concentration is
not the highest at 5 nm but very comparable to the other solutions, it is 37% higher
than the next highest solution at 10 nm and even 54% higher at 20 nm in the above
measurements. In consequence, 1.5 g of ammonium sulfate per liter of distilled water
was used for all of the calibration experiments representing ambient aerosol.

5.3.2 Calibration aerosol for urban air

In urban areas and especially in locations close to major roads, an abundance of
particles can be found that were released as emission from diesel vehicles but also
other by-products from the incomplete combustion of fossil fuels. It is difficult to
reproduce real-life traffic emissions in the laboratory, other than by putting an actual
vehicle on a chassis dynamometer in an automotive emission laboratory as done
during a vehicle’s type-approval test. Consequently, it was decided to use a soot
aerosol generated by a laboratory combustion burner as proxy for the solid particles
from combustion processes found in urban environments. Compared to the
experimental setup for the AS calibration aerosol explained earlier, the soot generator
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replaced the atomizer aerosol generator and the subsequent diffusion drier in the
experimental setup. All other components and dimensions were kept the same as
displayed in Fig. 31.
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Fig. 31: Experimental setup using the soot generator as aerosol source.

Flame burners are said to be a suitable source of solid soot particles for calibrating
measurement devices. In fact, the PMP group recommended soot particles generated
by the CAST method for the calibration of CPC’s used in emissions tests required for
vehicles to obtain type approval, even though other particle materials were not
excluded provided it has been shown that they deliver comparable results (Giechaskiel
et al., 2009). Originally this caused some discrepancies as the calibration requirement
at the 23 nm cut-off diameter required for vehicle emissions testing was not met when
re-calibrated with CAST particles, while it was achieved with the original
manufacturer’s calibration based on Emery oil and also when subsequently checked
with the same oil (Giechaskiel et al., 2011a). In the same year, Takegawa and Sakurai
(2011) were the first to report on the use of soot particles for the calibration of a CPC

83



at reduced pressure. Their soot aerosol was also produced by a CAST burner but the
experiment was limited to particle sizes larger than 50 nm.

In this work a novel inverted burner design was chosen instead of the more established
CAST device. This burner can produce high concentrations of soot particles with a
fractal-like structure independent of fuel composition and flow rate (Kazemimanesh et
al., 2019). Weingartner et al. (1995) have shown that freshly generated soot is
hydrophobic and does not activate or grow easily, which only changes once water-
soluble compounds typically of an organic nature condense on its surface. The
downward-flowing diffusion flame method promises a more stable, fairly constant soot
production and ideally also a larger fraction of particles smaller than 50 nm. An
additional aspect of this work was that this new miniaturized inverted flame burner first
had to be characterized for its suitability for calibrating the counting efficiency of a CPC
and its lower cut-off size in the small nanometer range. These results were published
in Bischof et al. (2019) and are explained in more detail in the following chapter.

5.3.3 Particle size characterization of the soot generator

As the laboratory source of the soot calibration aerosol a Miniature Inverted Soot
Generator (Argonaut Scientific Corp., Edmonton, AB, Canada) was chosen. This more
recently introduced device is a soot generator that promises to produce a larger
fraction of nanoparticles than other commercially-available burners such as the CAST
generator mentioned in chapters 2.4.3 and 3.4. This specific type of soot generator
uses a downward-flowing diffusion flame inside the burner as can be seen in Fig. 32,
which promises an increased stability of the flame according to Stipe et al. (2005).

SCIENTIFIC

Fig. 32: The Miniature Inverted Soot Generator (on the right), and the image of an open-tip
propane flame from the experiments on the left.
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The underlying fundamental reason is that the force of the buoyant hot products from
the combustion is directed upwards, so a more uniform downward pointing flow is
achieved inside the generator’s co-flow air tube. In the inverted design this steadies
the flame and results in a more constant soot production, which directly impacts the
stability of the size distribution and the number concentration of the resulting soot
calibration aerosol. The aerosol laboratory at IEK-8 in Jiilich had purchased it just prior
to the start of these experiments and hence it deserved an in-depth characterization.
All details of this study have been published in Bischof et al. (2019).

In more detail, the Miniature Inverted Soot Generator uses two co-annular tubes that
provide the fuel and air flows as presented in Fig. 33. These flows enter the generator
at its top section after passing through separate mass flow controllers (MC-series,
Alicat Scientific Inc., Tucson, AZ, USA) that we purchased separately and added to
our soot generation setup. In order to start up the generator, one has to open its top
cap to light the flame manually. After closing it, the diffusion flame burns inside the
quartz tube in a downward direction. The co-flow air provided delivers the oxygen
required for the combustion process but it also achieves an early dilution of the soot
aerosol escaping the flame and hereby limits successive coagulation.

I| D'q Sample
Air Flow Flow

Fig. 33: Basic operational principle of the Miniaturized Inverted Flame Burner.

After leaving the co-flow air tube, the soot aerosol first passes through a cooling coll
before exiting the generator through its sample flow connector. The soot generator
was operated with propane as fuel, as it is easily available and known to burn
efficiently. At first, warm-up experiments were conducted to determine when the soot
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generator reaches stable output as expressed by the total particle number
concentration, which is reported in detail in the corresponding publication.

Next, the generator’s output was characterized for a dozen chosen test conditions with
different air flow and fuel flow rate settings. These operational settings were selected
so they are in line with what was previously identified as the open-tip flame (sooting)
regime in the paper published by Moallemi et al. (2018); see Fig. 34.
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Fig. 34: Regimes of the soot generator reproduced from Moallemi et al. (2018), with the
dozen test conditions used in the preparatory characterization superimposed.

The experiments were started with the soot generator operated at the highest airflow
rate and the highest propane flow rate shown in Fig. 34. After that measurements
continued by reducing the fuel flow to the next value of that matrix and finally to the
lowest one. Once completed, the airflow rate was also lowered and measurements for
the same three propane flow rates were conducted. This process was duplicated twice
until the lowest airflow rate and the lowest fuel flow rate was reached.

The particle size distributions of the soot aerosol were measured for each of the dozen
selected test conditions with particle size spectrometers. The CPCs were used to
monitor the particle number concentration for each of the DMA-classified sizes. These
measurements were complemented with an optical particle counter (Sky-OPC, Model
1.129, Grimm) to also obtain some additional information on the presence of large
particles in the 250 to 2,250 nm range. Since an OPC measures all of its size channels
simultaneously, these measurements were done by bypassing the DMA. For simplicity
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the particle size distributions based on the electrical mobility diameter and those with
a light-scattering equivalent diameter are displayed side-by-side, with gaps left to
separate these two different methods. It is important to stress that the OPC was not
custom-calibrated for soot aerosol and that its results were not fitted to the DMA-CPC
data either. Obviously, an optical particle counter can be expected to respond quite
differently to soot particles than to the polystyrene latex (PSL) reference particles that
are typically used for its factory calibration. Yet as a minimum, the supplementary OPC
data can provide indicative information if there is a large number of coarse particles
outside the range of interest. The respective particle size distributions for each of the
dozen test conditions are presented in Fig. 35 (a) — (d). The graphs highlight that the
modal values of the size distribution are clearly dominated by the SMPS data, with
what appears to be only a comparatively small fraction of particles larger than 250 nm.
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Fig. 35: Particle size distributions of the soot generator as measured by the combination of
two instruments. The gaps in the graphs are to distinguish SMPS data (up to 200
nm) from OPC results (starting at 250 nm). The four graphs each represent a fixed
air flow rate ranging from (a) 9.5 SLPM, (b) 9.0 SLPM, (c) 8.5 SLPM to (d) 7.5 SLPM
and the same three fuel flow rates (55, 62.5 and 70 SCPM), which are color-coded.

The graphs in Fig. 35 also show that the Argonaut soot generator produces mono-
modal particle size distributions with a predominant mode between 100 and 150 nm,
which varies depending on the flow rates. At their peak values, the corresponding
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number concentrations exhibit differences by up to two orders of magnitude. Note that
the graph in Fig. 35 (d) uses a different concentration scale as one of the fuel flow
rates results in a much higher output of close to 28,000 P/cm3. Compared to that the
operation condition with 7.5 SLPM (standard liter per minute) air flow and 55 SCPM
(standard cubic centimeter per minute) fuel flow produces almost no particles,
irrespective of their diameter. The conclusion is that at this setting with the lowest fuel
flow and air flow rates, the flame burner is operating in its closed tip-flame regime that
results in essentially no soot being formed. Tab. 13 provides an overview of the key
physical properties of the aerosol produced with the dozen operational settings used
in these experiments.

Tab. 13: Select aerosol properties for the stated operating conditions of the soot generator.

Air flow rate Fuel flow rate = Modal diameter Total number Total number

[SLPM] [SCPM] [nm] concentration concentration

CPC [P/cm?] OPC [P/cm?]
9.5 70.0 128.1 2.1 x10* 3.3x10°
9.5 62.5 128.1 6.4 x 10° 8.8 x 10?
9.5 55.0 95.2 2.8x10° 1.5x 102
9.0 70.0 141.9 1.1 x10° 1.0 x 10*
9.0 62.5 128.1 3.5x10* 3.4x10°
9.0 55.0 104.9 4.2x10° 2.4 x 102
8.5 70.0 157.5 1.1 x10° 1.1 x 10
8.5 62.5 128.1 4.7 x 10* 4.4 x10°
8.5 55.0 104.9 3.8x10° 2.3 x10?
7.5 70.0 157.5 7.8 x 10* 1.0 x 10*
7.5 62.5 141.9 4.0x10° 2.2x10*
7.5 55.0 157.5 2.3 x 10! 2.0x10°

Some of the distributions in Fig. 35 exhibit a slight shoulder to the left of their modes
that is more or less pronounced, which indicates that there are operating conditions of
the soot generator that result in more particles in the small nanometer size range. As
explained in chapter 2.4.1 and shown in Fig. 7, the detection efficiency of a CPC starts
to drop at a certain particle size below 20 nm, which is why greater scrutiny was given
to the soot generator’s output for nanoparticles between 3 and 20 nm in diameter. The
corresponding analysis in Fig. 36 highlights that there is one operational setting that
produces clearly the highest concentrations in this smaller size range. When the soot
generator is operated with 7.5 SLPM air flow and 62.5 SCPM propane flow it achieved
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approximately one order of magnitude higher concentrations across that range. This
proved to be the most promising operating condition in order to produce adequate
particle number concentrations below 20 nm. Although concentrations in the low to
mid thousand particles of the calibration aerosol at these sizes would be preferable,
the lowest number concentration of approximately 400 P/cm? at a particle size of 3 nm
is just sufficient enough. It is approximately a factor of three higher than the average
zero offset values determined based on the noise level of the reference electrometer.
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Fig. 36: Output concentrations in the sub-20 nm range for the stated operating conditions of
the soot generator.

Since these are by far the lowest concentrations in the experiments, a simple
approximation of the diffusional loss to the walls for the tube length between the DMA
and the CPCs was made. Gormley and Kennedy (1949) first derived an empirical
equation for particle loss due to Brownian diffusion in a straight cylindrical tube, for
which they assumed a fully developed laminar flow. A dimensionless deposition
parameter B is used to describe the diffusional particle loss,

p=lrort 52)
-2 |

where D is the diffusion coefficient, L the length of the cylindrical tube and g the
volumetric flow rate through it. According to Hinds (1999), the diffusion coefficient is
expressed as follows:
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where, k is the Boltzmann constant, T the absolute temperature, Cc the Cunningham
slip correction, u the viscosity of air, and d, the particle diameter.

For 8= 0.0312, the penetration of particles P through the tube can then be determined
by the following equation (Gormley & Kennedy, 1949):

P =0.8191 exp(—3.66 ) + 0.0975 exp(—22.3 B)

+ 0.0325 exp(—56.7 B) (5-4)

For our experimental setup this approximation resulted in a penetration efficiency of
94% for particles that are 20 nm in diameter. Contrarily, for the smallest particles in
the experiments with a diameter of 2.4 nm it was only 33%. The relative measurement
with the CPCs under calibration and the reference electrometer side-by-side and
identical or a flow-rate adjusted length of the sampling tubing ensures that diffusion
loss has essentially no effect on the performance efficiency measurement. However,
the lower concentrations caused by diffusional loss do have an additional, adverse
impact on the already poor counting statistic for the smallest particle sizes.

5.4 Boundary conditions and corrections for the data analysis

The measurement strategy for the experimental work of this thesis produced high
dimensional datasets, with 68 instrument parameters and measurement values
recorded over at least 1,200 seconds per experiment. This large number of data was
chosen to minimize variance and bias, but it added much complexity. In addition to
that, the number of ultimately usable data was limited by experimental issues,
problems of the measurement devices and user errors. Common instrument problems
included flooding due to pressure changes happening too quickly, CPCs running out
of butanol, incorrect flow rates and communication problems between the instruments
and the data acquisition system. These errors were often only detected when the data
were analyzed, so the data sets had to be corrected accordingly. In order to analyze
several hundreds of these large data sets, a custom spreadsheet with boundary
conditions that could be selected based on the type of data analysis was used.

For the analysis the first 10 seconds of each measurement were discarded to account
for achieving stable conditions after changing from the previous voltage step. Then
average values for the 20 seconds that are considered to be stable conditions were
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calculated, using the pre-defined constraints. This enabled the identification of gaps in
the experimental data and excluding outliers from these large, convoluted data sets.
Ouitliers occurred in the shape of sudden and highly improbable spikes, e.g. when the
concentrations reported by the Sky-CPC went up by a factor of 100 from one second
to another only to drop down again the next second or when a CPC reported zero
values mid-measurement. Some outliers were clearly caused by data transmission
errors, for instance when voltage steps were missed, one of the DMA’s control
parameters suddenly shifted for no reason, or no data were reported by one of the
CPCs. In addition, data were also excluded when the Sky-CPC reported values
smaller than 0.95 for its internal C1/CO performance criterion or when the 3772-CEN
CPC set an error flag as explained in chapter 5.2.1. Lastly, boundary conditions for
the counting efficiency calculation were defined as:

o Counting efficiency ratio: >0.001 and <=1.15
o Raw electrometer value less offset: >200 fA,

with the electrometer zero offset value representing the upper limit of the range
determined during the electrometer characterization presented in chapter 5.2.4.

5.4.1 Coincidence correction

Coincidence errors occur in all particle counters when they are used for
measurements at high concentrations. During a coincidence event, two or more
particles simultaneously pass through the viewing volume. If the particles are close
enough to each other, they become optically indistinguishable from one another and
are erroneously detected as one. For CPC measurements, a coincidence-corrected
number concentration can be calculated by this equation (Picard et al., 2019):

Na = N, eXp(Na * (Jae * Tp) (55)

where N, is the actual concentration (P/cm3), N; the indicated concentration (P/cm?3),
gze the aerosol flow rate of the CPC, and 7, the nominal effective time during which a
particle remains in the viewing volume. The value for Nj in the exponent is typically
approximated by the use of N;. In case of the CPC 3772-CEN the aerosol flow rate
Qae is 16.67 cm®/s and the nominal effective time 1, is 0.35 ps, which results in a
calculated coincidence of 6.4% at 10,000 P/cm3. It should be said that in this work
coincidence was calculated and applied to the CPC data only for completeness. The
number concentrations of the size-classified aerosol leaving the DMA were typically
well below levels when coincidence occurs. This correction therefore only had a
negligible effect during the CPC calibration experiments.
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5.4.2 Multiple charge correction

As explained in chapter 2.4.3, the size-classified aerosol leaving a Differential Mobility
Analyzer (DMA) is not strictly monodisperse but only of a mono-mobility caused by
the presence of a size-dependent fraction of multiple charges. Therefore, the error in
the number concentration of a reference electrometer caused by this effect must be
corrected. In this work, the multiple charge correction method first introduced by
Bundke et al. (2015) was applied. They demonstrated that an appropriate multiple-
charge correction factor é(dp) can be determined when taking the actual size
distribution of the aerosol present into account. The effect of this particle size
dependent correction can be seen when comparing it to the simplified first-order
approximation that does not consider the size distribution. As can be seen in Fig. 37,
the curve of the first-order approximation differs considerably from the curve of the
calculated correction factor §(dp). While even the first-order approximation might be
acceptable in principle, at least if no measured size distribution is available at all, a
higher accuracy can be achieved when the particle size distribution is considered.
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Fig. 37: Visualization of the multiple-charge correction factor £(dp) (solid orange line) and a
simplified first-order approximation (dashed black line), data from this work.

The paper by Bundke et al. (2015) provides the theoretical background and formulas
for their multiple charge correction method, which was practically implemented as
follows. At first, a sequential measurement for all particle sizes chosen for the
calibration measurements is performed. The average concentration values for the
reference electrometer and CPC measurements can then be calculated for selected
residence times per voltage step and an acceptable concentration minimum of the
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electrometer. Since these sizes cover the lower end of the size distribution very well
but not all of it closer to its upper end, a log-normal fit to the measured size distribution
is calculated to extend it to larger particle sizes. This is done by applying iterative
steps to find the best solution based on the input values, the desired solution, and
some predefined constraints. As each iteration that attempts to get closer to the
optimum fit takes time to compute, the entire calculation takes around 5 min for each
data set. Although the resulting fit is an assumption, certainly the size distributions
generated by the constant output atomizer aerosol generator follow a log-normal
distribution. Subsequently, the diameters of doubly charged particles dp (n= -2) that
have the same electrical mobility as the singly charged particles at the original
discrete DMA voltage steps are determined. Using the widely accepted approximation
of the bipolar charge distribution according to Wiedensohler (1988), the normalized
charge distribution of particles carrying -1 and -2 charges, n (-1) and n (-2), can then
be calculated. A successive fit of the size distribution for the doubly-charged particles
then allows the determination of their concentration at the original particle sizes. The
ratio between singly and doubly charged particles permits the calculation of the
correction factor é(dp) to adjust the initial electrometer concentration Naewm for the
contribution of doubly charged particles. After that the electrometer concentration Nyer
at each size can be calculated by using this equation:

Nrer= E(dp) * Nagym (5.6)

This multiple charge correction method works very well for a near lognormal aerosol
size distribution as it is typically produced by an atomizer (He et al., 2015). It is easy
to apply to the resulting log-normal size distributions with a mode around 50 nm and
sufficient concentrations even below 10 nm. It is less appropriate for a soot aerosol
with a mode well above 100 nm and thus a substantial contribution of particles that
statistically carry more multiple charges. Yet Mamakos (2016) showed that for sub-
50 nm soot particles generated by a combustion aerosol standard burner (miniCAST,
Jing Ltd, Zollikofen, Switzerland) the ratio of doubly to singly charged fractions as a
function of their mobility diameter was within £10%. This is within the limit for
acceptable multiple charge corrections according to ISO 27891 (2015), the
international standard for determining the detection efficiency of CPCs. Especially in
the sub-20 nm size range of interest in this work the difference in multiple charged
particles is therefore also considered minor.

5.4.3 Data analysis procedure

The data analysis was always started by converting the raw measurement values to
corrected data. The raw number concentrations from a CPC only has to be corrected
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for the concentration-dependent counting coincidence in its optics. A flow correction
was not deemed necessary as both of the CPC models use critical orifices. The raw
data from the electrometer reference instruments underwent more corrections. Offset
and flow corrections for low pressure were made before the multiple charge correction
was applied to the electrometer data (EA):

1) At first, the EA offset value previously determined for the present conditions
was subtracted from the EA raw data for each of the particle sizes.

2) Then the multiple-charge correction factor (dp) was calculated and applied to
the EA data.

3) Ultimately, corrections to the electrometer flow rates were made to account for
the corresponding conditions of reduced pressure.

It is important to point out that the corrections for some measurement conditions for
particle sizes below 10 nm have to be made at very low electrometer currents, due to
the low concentrations of DMA-classified particles. This required a diligent inspection
of each data set to identify outliers that would skew the counting efficiency results. The
flowchart in Fig. 38 provides an overview of the data analysis procedure and the
corrections made to determine the CPC counting efficiency.

Butanol CPC Butanol CPC Electrometer Electrometer
TSI13772-CEN Grimm Sky-5.411 Grimm 5.705 TSI13068B
Number Conc., N Number Conc., N Net Charge Net Charge

EA offset value correction

Coincidence correction Multiple-charge correction, &(d,)

EA flow rate correction

N3772_C°”’ NSky-CPC_corr NEA, ref_corr NAEM, ref_corr

Counting Efficiency

Nere = Nepc o,
CPC N

ref_corr

Fig. 38: Flowchart of the data analysis process for all particle concentration instruments.
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Ultimately, the counting efficiency ncec for each valid measurement point was
calculated as shown in the following equation:

NCPC_ corr
Nere = ———— (5.7)
Nrezf corr

where Ncec cor is the corrected CPC concentration and Nrer cor the corrected EA
reference concentration.

95



6. Experimental results for the CPC performance
at low pressure

In this chapter, several sets of experimental data are presented to highlight the impact
of reduced pressure on the detection efficiency of the CPC models characterized in
this work. Initial experiments show the total concentration progression when the CPCs
are challenged with selected monodisperse sizes at different levels of low pressure.
Subsequently, detailed counting efficiency results are reported in relation to the two
particle materials used for the low-pressure calibrations. Finally, the effect that small
to moderate amounts of relative humidity can have on the detection efficiency of CPCs
near their cut-off diameter is investigated.

6.1 CPC response to selected monodisperse sizes

The first set of experiments conducted were CPC inter-comparison measurements at
low pressure. Although these measurements do not have the same significance as a
calibration, they can reveal how the total number concentration varies when CPCs are
challenged by monodisperse particle sizes at different levels of low pressure. For each
pressure level, a series of total concentration measurements was conducted over 90
seconds per DMA size-selected monodisperse size, while the relative humidity was
kept at a constant 30% RH. The seven levels of reduced pressure were 800, 700, 600,
500, 400, 300, and 200 hPa. The first step of 900 hPa pressure has always been
excluded as the critical orifice could not be operated at critical conditions with the
experimental setup. The initial 60 s of measurement for each pressure level was
discarded as stabilization period and only data of the remaining 30 s were used for the
analysis. This process was then repeated to obtain three measurements total for the
same conditions. The data are plotted as one measurement series for the seven
pressure levels to emphasize the stability of the number concentration during the
measurement, omitting the pressure changes and corresponding stabilization phases.
The corresponding graphs in Fig. 39 and Fig. 40 each show two series of total
concentrations that were simultaneously measured by the CPC 3772-CEN and the
Sky-CPC 5.411 per particle size.

6.1.1 Concentration as a function of pressure

The first series of the total concentration measurements shown here is for ammonium
sulfate (AS) particles of 100 nm in diameter, a size that is at or near the modal value
of the size distribution of this atomized aerosol. As the mode is the size with the highest
particle numbers, this experiment should clearly be expected to deliver the best
counting statistics. As can be seen in Fig. 39, the initial concentration at a DMA-
classified, monodisperse particle size of 100 nm was about 15,000 P/cm? within a
range of +6% for both of the CPCs.
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Pressure-dependent Concentration at a Fixed d, of 100 nm
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Fig. 39: Total concentration for two CPCs as function of pressure for 100 nm AS-particles.
The blue line represents the CPC 3772-CEN and the red the Sky-CPC 5.411.

Although the measurement data show a slight shift in concentration, both models
reported comparable concentrations at stable levels. For the measurements of the
same CPC model, results were even within +2% deviation for the different pressure
levels down to 500 hPa. At 400 hPa, the Sky-CPC 5.411 kept reporting a
concentration very much of the same order, while the CPC 3772-CEN shows an initial
drop in particle number by about 10%. When reducing the pressure further to 300 hPa,
both CPCs report a lower concentration than at higher ambient pressures. The CPC
3772-CEN drops by almost 45%, making the data useless at this pressure level and
any pressure below. The Sky-CPC 5.411 also starts showing a drop of about 15%,
which still allows applying a reasonable correction factor. When reducing the pressure
further, the Sky-CPC 5.411 reports a total concentration that is about 10% higher over
the 30 sec measurement intervals on average, so seemingly getting back to a stable
level and similar to what it reported at higher ambient pressure. However, when looking
at the data with a high time resolution of one measurement per second, it is obvious
that the concentration is not completely stable. It actually fluctuates by up to +20%
between its lowest and its highest value during that 30-second measurement period.

Subsequently, experiments for a further three monodisperse sizes, which were 50, 20
and 15 nm, were conducted. The low-pressure response of the same CPC models for
particles of 20 nm is shown in Fig. 40 below, which is frequently the smallest size at
which an almost complete activation results in a 95% counting efficiency. Below that
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diameter the slope of the counting efficiency curve becomes an increasingly important
factor, which is not of interest for this set of measurements but something that was
investigated in greater detail in the subsequent experiments reported in this chapter.

Pressure-dependent Concentration at a Fixed d, of 20 nm
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Fig. 40: Total concentration for the two CPC as function of pressure for 20 nm AS-particles.
The blue line represents the CPC 3772-CEN and the red the Sky-CPC 5.411.

The first thing that can be seen from this measurement is that the total concentration
is a factor of more than 40 lower than at the 100 nm size representative of the mode
of the distribution, so counting statistics are much poorer in consequence. This is not
due to the CPC performance but a result of the underlying polydisperse size
distribution having a respective lower percentage of 20 nm than of 100 nm particles.
Apart from that, a very similar pattern to the one seen at 100 nm can be observed.
Down to a pressure level of 500 hPa both CPC models agree again very well, and vary
less than 2% per instrument at each of the different levels of reduced pressure. At
400 hPa, the concentration measured by the CPC 3772-CEN once again drops
notably. For the 20 nm particles it falls by about 15%. As previously, the concentration
reported by the Sky-CPC 5.411 remains on average the same also at this pressure
level. When reducing the pressure by another increment of 100 hPa to a level of
300 hPa, the data reported by the CPC 3772-CEN become again meaningless while
the total concentration reported by the CPC 5.411 stays roughly the same. When going
to the lowest pressure of 200 hPa tested, the total concentration of the Sky-CPC 5.411
is more than 20% higher than the average results at all other pressures. Yet, the 1-
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second data again reveal that the measurement is not fully stable at 200 hPa and
actually sways by about 50% between its lowest and its highest data point.

6.1.2 Key results of monodisperse experiments

At low pressure values between 800 and 500 hPa, the total concentrations reported
by the two butanol CPCs display a very similar progression. There are only small,
acceptable differences between the two models for the four monodisperse sizes
tested. This changes when a certain threshold pressure is reached, which is at a
different level for each of the CPCs. The response of both CPC models to
monodisperse particles with diameters of 100, 50, 20 and 15 nm at the seven discrete
pressure levels is shown in Fig. 41, with each data point averaged over 30-seconds.
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Fig. 41: Total concentration as function of pressure at 4 monodisperse particle sizes for CPC
3772-CEN (left, in blue) and Sky-CPC 5.411 (right, in red).

The CPC 3772-CEN performed as expected at these four sizes even well below its
minimum operating pressure of 750 hPa. It measured concentrations in line with the
higher pressures down to 500 hPa and still reported useable data down to 400 hPa,
when appropriate corrections are made. The Sky-CPC 5.411, which the manufacturer
specifies to work down to 125 hPa, even delivered meaningful concentrations at
300 hPa and still reported useful data at 200 hPa. Upon closer examination with higher
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time resolution, the concentration at the lowest pressure revealed notable fluctuations.
These data should therefore be used with some caution and ideally be averaged over
a certain period, such as the 30-s average applied to the data presented in Fig. 41.

The final analysis of the experimental response to the total particle number for these
monodisperse sizes is an instrument-to-instrument comparison by looking at the ratio
of the two CPCs in one and the same plot. Although the true values will remain
unknown as long as no independent concentration reference is used, it does provide
a practical indication until which pressure level there is sufficient agreement between
the CPCs when the common +10% accuracy criterion is considered. In the comparison
in Fig. 42 it is obvious that both CPCs agree very well with a ratio close to 1 down to
500 hPa of atmospheric pressure. It is only at a point between 500 and 400 hPa that
the ratio of the measured concentrations begins to drop off notably.
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Fig. 42: Ratio of the total concentration of the CPC 3772-CEN to the Sky-CPC 5.411 as a
function of pressure, for four particle sizes averaged over 30 seconds.

The performance of these two CPCs at 400 hPa remains at least comparable with
acceptable corrections still possible. This graph also reveals that at 400 hPa the
required correction to the total concentration reported by the CPC 3772-CEN for the
given test aerosol is on the order of 10% or less, but that it has a size dependence
that increases the smaller the particles get. The most likely reason for this observation
is that the counting efficiency curve of the CPC 3772-CEN starts to change more
prominently at this pressure, which is investigated in great detail in chapter 6. The
correlation in Fig. 42 also highlights that any notion of correcting the CPC 3772-CEN’s
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data at 300 hPa based on its results for 100 nm particles is to be discarded. The
difference to the data of the Sky-CPC increases to more than 50% already at a size of
50 nm and is well below 95% at 15 nm.

6.2 CPC counting efficiencies for ammonium sulfate (AS)

The counting efficiency characterizations constitute the most comprehensive part of
the experimental work done in this thesis. All measurements were performed with the
CPC 3772-CEN and the Sky-CPC 5.411, as well as the reference electrometer, in
parallel. The measurements were made at 100 hPa increments of reduced pressure
between 200 hPa and a maximum of 900 hPa. The DMA was always operated in a
sequential mode using a total of 39 voltages starting at 3,300 V and stepping down to
10 V, which resulted inversely in a particle size range from 2.4 to 138 nm. This range
is appropriate for investigating the impact of reduced pressure on particle activation
inside a CPC. At each step, the voltage and the corresponding particle size were kept
constant for 30 seconds to obtain several values of the particle concentration.

6.2.1 Counting efficiency of the Sky-CPC 5.411 for AS

Counting efficiencies for ammonium sulfate (AS) were experimentally determined at
equidistant pressure levels down to 200 hPa. Results at 900 hPa were excluded as
the lower flowrate through the critical orifice in the experiment at that pressure resulted
in a too low monodisperse output from the DMA and hence an incorrect particle size.
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Fig. 43: Measured counting efficiency curves of the Sky-CPC 5.411 for ammonium sulfate at
reduced pressures from 700 to 200 hPa.
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The curves in Fig. 43 represent the experimentally determined counting efficiencies of
the Sky-CPC 5.411 and divulge its lower-size detection limit (dso) at the discrete
pressure levels. Error bars are added for the ordinate to indicate the experimental
standard deviation. It appears as if the efficiency curves of the Sky-CPC are almost
on top of each other. In addition, the lower cut-off diameters appear to be very similar,
with a dso that varies only between 7.2 and 8.1 nm. The largest of these cut-offs is the
one for the highest pressure. Further, there is a notable decrease in the asymptotic
maximum counting efficiency between 10 and 40 nm when the pressure is reduced to
500 hPa and below. All of these characteristics follow the same trends reported by
Bundke et al. (2015), although they are less pronounced. They agree well with the
measurements of the total concentration at low pressure as summarized in Fig. 41.

6.2.2 Counting efficiency of the CPC 3772-CEN for AS

Results for the simultaneously measured efficiency of the CPC 3772-CEN for the
same ammonium sulfate aerosol are shown in Fig. 44 and Fig. 45. These data are
broken out into two graphs based on the behavior that was observed during the
previous total concentration measurements. The first graph shows two efficiency
curves for the ambient pressure reduced down to 700 hPa and 500 hPa.
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Fig. 44: Measured counting efficiency curves of the CPC 3772-CEN for ammonium sulfate
at reduced pressures of 700 hPa and 500 hPa.

In this graph it can be seen that apart from a slight drop in the maximum efficiency,
the CPC 3772-CEN seems to respond stably down to 700 hPa, which is just below its
specified lower operating pressure. The impact gets more pronounced once the
pressure is reduced further. There is a shift in the dso cut-off diameter of about 1 nm
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at 500 hPa and the asymptotic maximum counting efficiency decreases to below 95%
at its peak value.

1.2

1.0 R A N S
- T I |

[

g AT
§ 0.8 %
=) i
z 1 700 hPa
£ 06 13
'S §/ 500 hPa
 — S AR ARy . Sy S Sy AP A S S Ay Ay AP R |
b ' 300 hPa
¥ 04 F i : 3
= i 200 hPa
2 -
5 z
o Z
O 02

0.0 R — —

0 10 20 30 40

Particle Diameter [nm]

Fig. 45: Measured counting efficiency curves of the CPC 3772-CEN for ammonium sulfate
at reduced pressures between 700 hPa and 200 hPa.

As can be seen in Fig. 45, the impact on the counting efficiency curve is severe when
the pressure is reduced further to 300 hPa, with a maximum efficiency well below 50%.
When further decreasing the pressure to 200 hPa it leads to an almost flat, completely
suppressed progression that lacks the characteristic size dependency of a typical CPC
efficiency curve. A possible explanation is that a notable amount of butanol vapor
starts to leak at that pressure. With less butanol vapor available, only some particles
will be activated until a point is reached where activation ceases almost completely.
These results agree with the total number concentration measurements, where it was
also observed that measurements with the CPC 3772-CEN at 300 hPa and below are
no longer meaningful.

6.2.3 Linearity of the two CPC models for AS

As explained in chapter 2.4.2 and as shown in our earlier CPC calibration study (Liu
et al., 2005), CPCs have a very linear measurement response with regards to their
total number concentration measured at standard pressure. This is also expected at
reduced pressure as long as the total CPC counting efficiency is close to 100%. In this
work, the linearity behavior of the two CPCs for the ammonium sulfate aerosol was
determined by plotting their measured number concentrations versus the corrected
electrometer concentrations for the entire data set as explained in chapter 2.4.2. In
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Fig. 46, the CPC data were analyzed for experiments performed at 700 hPa and
400 hPa, so low-pressure experiments that have delivered useful data for both CPCs.
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Fig. 46: Concentration linearity response of the CPC 3772-CEN and the Sky-CPC 5.411 for
AS at pressures of 700 hPa (left) and 400 hPa (right).

The linear regression analysis performed for these data verified that the response of
the CPCs is linear compared to the reference aerosol electrometer for the present
conditions. The correlation coefficients (R? values) were larger than 0.995 for both
CPC models at these pressures. The concentration linearity of the Sky-CPC 5.411
was 0.97 at 700 hPa and almost unchanged with a value of 0.99 at 400 hPa, while the
slope of the CPC 3772-CEN decreased from 0.88 at 700 hPa to 0.82 at 400 hPa.

6.3 CPC counting efficiencies for flame soot particles

There has been much interest in using soot for CPC calibrations especially related to
their usage by the automotive industry. For this purpose, the Miniature Inverted Soot
Generator was extensively characterized as reported in chapter 5.3.3, such that the
counting efficiency experiments could be repeated with freshly generated combustion
particles. All of the subsequently shown flame soot measurements were done with
settings of 7.5 SLPM air flow and 62.5 SCPM propane flow for the soot generator.

The CPC counting efficiency experiments with flame soot proved to be much more
difficult to perform due to the necessary warm-up period, much lower concentrations
of the classified particles, the influence of charge on the flame-generated particles,
large amounts of water vapor that exit the burner and a stickiness of the flame soot
agglomerates. In particular the importance of particle charging was not evident while
performing the experiments and only came to light while analyzing the large data sets.
Several measurements had to be discarded as concentrations of particle sizes below
20 nm measured by both CPCs were up to 50% higher than the corrected
concentration from the reference aerosol electrometer. One hypothesis for the cause
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of this are more pronounced multiple charge effects on the fractal-shaped particles
that are concentration dependent. Therefore, the brief residence time in the aerosol
neutralizer might not have been sufficient to achieve charge equilibrium at higher
concentrations. It is particularly important to take proper charge conditioning into
account when going to larger particle sizes. This was less of an issue in these
experiments as the focus of this work was only on the counting efficiencies for particles
of up to 40 nm in diameter, which under normal pressure conditions is a size at which
100% efficiency is easily achieved.

All curves in this chapter are spline graphs that are plotted through each data point.
This is in contrast to the more common fit of the counting efficiency curves using an
exponential function as introduced by Banse et al. (2001). The choice for this
presentation comes with the drawback that one might consider it to imply a functional
relationship that does not exist. Nonetheless, it was done deliberately in this work to
emphasize the much larger fluctuations of the flame burner as aerosol source, which
are in strong contrast to the almost completely smooth graphs for ammonium sulfate.

6.3.1 Counting efficiency of the Sky-CPC 5.411 for flame soot

The curves for the detection efficiency of the Sky-CPC at ambient pressures ranging
from 800 hPa down to 200 hPa are presented in Fig. 47. It can be clearly seen that
the data points for sizes above 10 nm have a larger scatter and the curves appear less
smooth when flame soot is used as particle material in the experimental setup.
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Fig. 47: Measured counting efficiency curves of the Sky-CPC 5.411 for flame soot at low
pressure increments from 800 hPa to 200 hPa.
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The curves agree reasonably well with one another in the steep slope of the curves
but differ on the order of +10% with increasing particle size. The cut-off diameter shows
the smallest size of 5.5 nm for 200 hPa, although the difference to curves at other
pressure levels is within the experimental uncertainty. It is evident, however, that the
cut-off diameter is about 1.7 nm lower for soot compared to the one determined when
ammonium sulfate was used as particle material for the calibration.

6.3.2 Counting efficiency of the CPC 3772-CEN for flame soot

The experimentally determined size dependent detection efficiency of the CPC 3772-
CEN for flame soot at reduced pressures is illustrated by the graphs in Fig. 48. In
general, the curves at 800 down to 500 hPa are largely similar, with a cut-off diameter
around 6.3 nm. Clear differences can once again be seen once the ambient pressure
is reduced further. The efficiency curve at 300 hPa is already very obviously different
and is characterized by a much larger cut-off size and a lower asymptotic detection
efficiency progression, while the one at 200 hPa hardly reaches a maximum efficiency
of 50% at the largest particle size in that graph and thus shows no dso cut-off diameter.
The steepness of the slopes also drastically decreases at 300 hPa and much more so
at 200 hPa, although it does not break down completely as for the ammonium sulfate
calibration of that CPC.
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Fig. 48: Measured counting efficiency curves of the CPC 3772-CEN for flame soot at low
pressure increments from 800 hPa to 200 hPa.
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6.3.3 Linearity of the two CPC models for flame soot

The analysis of the instrument linearity was also repeated for the soot data. For
pressures down to 500 hPa, the response of the CPCs was again highly linear
compared to the aerosol electrometer also during the flame soot experiments, with R-
squared values for the coefficient of determination greater than 0.99. The results for
the linearity of the response are shown exemplarily in Fig. 49 for measurements
performed at ambient pressures of 700 hPa and 500 hPa. When comparing these
graphs to the same analysis done for ammonium sulfate it is important to notice that
the number concentrations for soot did not exceed 10,000 P/cm?3, so it was about a
factor of 4 lower. The linear regression for concentrations measured by the two CPCs
vs. the reference electrometer resulted in a slope of larger than 0.993 for both CPCs
at 700 hPa and even above 0.996 at 500 hPa.
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Fig. 49: Concentration linearity response of the CPC 3772-CEN and the Sky-CPC 5.411 for
flame soot at pressures of 700 hPa (left) and 500 hPa (right).

The graphs also reveal that data points at concentrations of just a few hundred P/cm?
drop below their trend line at both pressure levels, which is due to the larger role that
RMS noise plays at these low particle number concentrations. For the soot data, there
is also a larger difference in the slopes of the linearity curves, which was between 0.75
and 0.80 for the Sky-CPC and between 0.72 and 0.78 for the CPC 3772-CEN.

6.3.4 Impact of the particle material

In aerosol research, the term particle material is commonly used to summarize a
particle’s properties including its chemical composition and morphology. The particle
material affects how a particle interacts with its immediate environment and crucially
also how it impacts our climate. It also plays a role in how aerosols can be measured,
e.g. due to differences in optical properties or interactions with the working fluid in the
case of a CPC. This chapter presents a direct comparison of the detection efficiency
experiments performed with ammonium sulfate to the ones with flame soot particles.
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Data in this chapter are reported for the size range of 2.4 to 30 nm, as any effects are
the most pronounced near the lower detection limit. Several things can be observed.
The first and rather trivial observation is that the efficiency curves for soot appear more
jagged, with notable turns between points even close to the CPC’s maximum
efficiency. However, this effect should not be attributed to material dependence but is
caused by the aforementioned larger fluctuation of the flame burner compared to the
constant output atomizer. At diameters below 10 nm the counting statistics is also
much poorer due to the significantly lower concentrations of the monodisperse aerosol
classified by the DMA. The example for the experiments made at 500 hPa shows a
concentration that is 4.5-times higher for ammonium sulfate than for soot
measurements at that size.

More importantly, both CPCs respond to the change in particle material with a modest
change in their performance at reduced pressure. This impacted all characteristic
parameters of their detection efficiency. The slope of the curves is slightly steeper for
the soot particles as can be seen in Fig. 50 and Fig. 51. Also, their smallest size
detection limits shifted by about 2 nm to 3 nm to smaller diameters the lower the
pressure, at least until the threshold pressure at which the performance of the CPC
3772-CEN breaks down. In addition, the maximum asymptotic detection efficiency is
higher for the soot measurements.
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Fig. 50: Material dependent counting efficiency of the Sky-CPC 5.411 at 700 hPa (left) and
500 hPa (right) for ammonium sulfate and soot (orange curves).

Already during the experiments, it was observed that the flame soot aerosol contained
much water vapor, even to the degree that it became necessary to install a droplet
separator. The fresh soot aerosol generated by the inverted burner method was
therefore not hydrophobic at all. However, the wettability with water alone should be a
minor factor at best. A much more important aspect is its complex microstructure, as
soot consists of chain agglomerates with a strong curvature of the graphene layers.
This irregular morphology and the complex structure are the most likely reasons why
soot activates more readily in a CPC. This is supported by Kulmala et al. (2007) who
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stated that it is predominately the soot’s distinctive surface properties and especially
the contact angle that decide at what size insoluble particles get activated. In addition,
soot particles can also carry functional groups with active surfaces that make it polar.
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Fig. 51: Material dependent counting efficiency of the CPC 3772-CEN at 700 hPa (left) and
500 hPa (right) for ammonium sulfate and soot (orange curves).

Another notable observation is the collapse of the detection efficiency of the CPC
3772-CEN at very low-pressure levels below 400 hPa. This break-down was not as
drastic in the case of the soot particles as can be seen in Fig. 48. However, rather than
attributing this to the particle material it seems more likely that the lower concentration
of particles in case of the flame soot was the reason for this. As explained by the
Schlarb effect in chapter 3.1, the presence of fewer particles would mean that they
have a higher probability of attracting the saturated butanol vapor at very low pressure
and thus get somewhat better activated than a significantly larger number of particles.

6.4 Humidity dependence of the counting efficiency

In earlier work performed at standard conditions, Sem (2002) reported that the lower
cut-off diameter of a predecessor model of the 3772-CEN CPC could change slightly
when the relative humidity was increased from very dry conditions of 0% RH to a value
of up to 50%. For an increase of up to 25% RH, the minimum detectable particle
diameter of the model 3010 CPC that he tested also increased, yet it dropped again
once humidity was further increased to values above 25% RH. According to Sem, this
effect was clearly notable for hydrophilic NaCl salt particles but much smaller for
hydrophobic silver particles. The Ag particles were generated by the Scheibel-
Porstendorfer aerosol generation method (Scheibel & Porstendoérfer, 1983), in which
a tube furnace is operated at temperatures as high as 1,200°C. With this in mind it
was decided to also investigate a possible impact of humidity on the CPC performance
at low pressure as third parameter in this work. The working hypothesis was that micro-
scale effects might lead to an improved wettability of the particle surface during the
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initial activation of the smallest nanoparticles in a CPC, especially when the particle
material is not hydrophilic to begin with. While thermodynamic relations are capable
of describing how the maijority of particles activate, the aim was to investigate if micro-
scale phenomena can have an impact on the lower cut-off and the counting efficiency
curve of a CPC specifically at sizes of 10 nm and below. A conjecture is that even
nanometer-sized particles of non-soluble material might activate more readily when
enough water molecules are present in the air that can attach onto their surface.

The relative humidity of the aerosols generated by both the atomization and the flame
burner method was therefore varied between almost completely and moderately dry,
so that their physical size does not change significantly due to the RH alone and any
shift in the detection efficiency has to be caused by the activation inside the CPC. Both
CPC models were tested at relative humidities between 1% and 40%, with the
maximum value being a constraint of the experimental setup due to the primary focus
on a high stability at reduced pressure.

6.4.1 Effect of humidity on the counting efficiency of the Sky-CPC 5.411

In order to assess the impact of relative humidity on the CPC performance,
measurements were conducted at fixed levels of low pressure and up to five different
humidity levels for both of the particle materials of choice at each pressure.

In the case of ammonium sulfate, 2% of RH and even slightly below were achieved as
the lowest value, and a maximum RH level of 34% and slightly above. As can be seen
in Fig. 52, there was no statistically significant effect of these levels of relative humidity
on the counting efficiency of the Sky-CPC for the ammonium sulfate salt aerosol.
During the measurements at the 200 hPa level, the pressure and humidity control of
the experimental set up reached its limits. It is for this experimental constraint that at
200 hPa, only a maximum relative humidity of 22% instead of the desired 35% or 40%
RH could be achieved.
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Fig. 52: Humidity dependent counting efficiency of the Sky-CPC 5.411 for ammonium sulfate
at 500 hPa (left) and 200 hPa (right).
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These RH experiments were then repeated also for the flame material aerosol. As
explained in chapter 6.3.4, the flame burner generated soot with a large amount of
water vapor. This also meant that RH values below 6% could not be achieved as there
was not enough dry mixing air available to compensate for this very humid aerosol
flow. An additional limitation was again the humidification of the flow at the lowest
pressure of 200 hPa, which reached its practical limits at 25% RH.
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Fig. 53: Humidity dependent counting efficiency of the Sky-CPC 5.411 for flame soot at
500 hPa (left) and 200 hPa (right).

Results for pressure levels of 500 hPa and 200 hPa are shown in Fig. 53. As can be
seen, there is no apparent humidity dependency of the counting efficiency of the Sky-
CPC for flame soot under these two pressure conditions. In fact, the only notable
difference between the two pressure levels is in the asymptotic detection efficiency,
which is the same effect observed for flame soot in Fig. 47 when going down to
200 hPa. The soot data show that 100% detection efficiency is only achieved at a
particle size of around 20 nm at 200 hPa, compared to about 12 nm at 500 hPa. Once
again, this effect has to be attributed to the impact of the reduced pressure on a lower
concentration aerosol rather than any real effect of relative humidity.

6.4.2 Effect of humidity on the counting efficiency of the CPC 3772-CEN

The impact of low to moderate levels of relative humidity on the performance of the
CPC 3772-CEN was simultaneously investigated. This model CPC was tested in
parallel to the Sky-CPC reported in the section above, using the same experimental
conditions with identical levels of reduced pressure and humidity levels for both
particle materials. The main difference is in their performance at 200 hPa, which as
reported before did not deliver any useful data in case of the CPC 3772-CEN.
Therefore, the more meaningful RH-dependent data for 700 hPa are shown instead.
The graphs for these two levels of reduced pressure as a function of RH are presented
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in Fig. 54. Unfortunately, in the experiment at 700 hPa, the humidity control
malfunctioned at 25% RH, which was not detected until the data analysis. It is for this
reason that data for only three discrete levels of relative humidity were recorded.
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Fig. 54: Humidity dependent counting efficiency of the CPC 3772-CEN for ammonium sulfate
particles at 700 hPa (left) and 500 hPa (right).

Very much like in the measurement data for the Sky-CPC reported in the previous
chapter, no statistically significant effect of these moderate levels of relative humidity
on the performance of the CPC 3772-CEN for ammonium sulfate particles could be
observed. The counting efficiency curves are almost on top of each other and neither
the slope nor the asymptotic efficiency show any notable variations.
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Fig. 55: Humidity dependent counting efficiency of the CPC 3772-CEN for flame soot at
700 hPa (left) and 500 hPa (right).

The model 3772-CEN was also included in the measurements with varied RH for the
flame soot aerosol. Based on Fig. 55 one could speculate that there is a minor
influence of low levels of RH on the counting efficiency of that CPC for soot particles
at 500 hPa. The graphs reveal a difference of roughly 1 nm between the cut-off
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diameter for the lowest RH level of 7% and the highest level of 32%. As the error bars
indicate, this difference is still within the experimental uncertainty at least for the dso
value of this CPC, especially as the data reported are for a very low number
concentration of the calibration aerosol.

More importantly, however, is that the asymptotic efficiency at 500 hPa of reduced
pressure stays lower up to a particle size of about 17 nm. This effect could result in a
small difference in the total number concentration if a soot aerosol is measured that is
dominated by particles in the nucleation mode. When considering the graph for
700 hPa, this effect is less pronounced but still notable also at that pressure level. A
method to estimate the impact of a corresponding slight change in the CPC’s
measurement performance is explained in the next chapter.

6.5 Impact on total PN concentration and basic estimates

In this chapter, a final analysis is presented that puts the experimentally determined
counting efficiency curves and the measured total concentration in relation to the
particle size distribution of the aerosol measured. This analysis is a practicable
approach that allows estimating the impact of reduced pressure on the total particle
number (PN) concentration reported by a CPC due to the effect that the pressure has
on its counting efficiency. It was again Dr. Ryan Han who introduced me to this
concept, albeit not in the context of this work. All calculations in this chapter were done
by me and all of the data are my own, unless stated otherwise. Even though this
analysis is only shown for one particular CPC, it can easily be applied to any model
CPC. The reason that results for the CPC 3772-CEN are presented here is that it was
used throughout this work and is the only model where access to all constructive
details and operational parameters was possible. As importantly, this assessment also
requires either knowledge of the actual particle size distribution or the use of one that
is typical for the measurement conditions and that can be inferred to be representative
of it. This approach is illustrated for two scenarios.

The first scenario is an analysis of the ammonium sulfate (AS) aerosol that was used
to exemplify atmospheric aerosol throughout this thesis. With it being a laboratory-
generated aerosol from experiments made during this work, a very large set of particle
size distributions was available from the SMPS measurements. These size distribution
data are from the preparatory work when an appropriate solution of AS per liter of
distilled water was determined as well as from experiments made to characterize the
counting efficiency curves in the previous chapters. The graphs in Fig. 56 show the
aerosol’s particle size distribution normalized to its modal value and two curves for the
CPC’s efficiency at different pressures. The count median diameter of the size
distribution is at 47 nm. The curve for 1,013 hPa represents standard conditions and
is a nominal curve. These data were recorded for an identical model CPC 3772-CEN
at the World Calibration Center for Aerosol Physics (WCCAP) at TROPOS in Leipzig.
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This counting efficiency curve is presented here as users of this particular model CPC
can either obtain such an accredited calibration from the instrument manufacturer at
the time of purchase or request it from TROPOS at a later time. Furthermore, efficiency
data from the characterization at 700 hPa are shown as it represents a regular use of
this specific model CPC in ambient monitoring, where very similar levels of reduced
pressure can be found at mountain top research stations. A typical example is the
Sonnblick (SNB) monitoring station of the Global Atmosphere Watch (GAW) program
on the northern side of the Alps at an altitude of 3,100 m asl, which corresponds to
692 hPa. As can be seen in the plot, both counting efficiency curves reach more than
99% of their respective maximum efficiency well before the mode of the particle size
distribution. Even though there is a notable difference between the two curves for the
two pressure levels, already a visual analysis reveals that this difference in ambient
pressure has little to no impact on the total number of particles measured by the CPC
for the aerosol in this specific scenario.
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Fig. 56: Normalized size distribution for AS aerosol (blue) and counting efficiencies of the
CPC 3772-CEN at 1,013 hPa (orange) and 700 hPa (yellow).

The second case presented in Fig. 57 is from the exhaust emission of a diesel vehicle
operated at a test bench, with the distribution again normalized to its modal value. This
measurement was made with an Engine Exhaust Particle Sizer (EEPS, Model 3090,
TSl Inc.) on a test bench at steady state conditions. Diesel exhaust often has a bimodal
size distribution by particle number, with the first mode generated by homogeneous
condensation as the exhaust cools and a second mode that mainly consists of solid
soot and fly ash particles. The normalized lognormal particle size distribution has its
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first mode at 10.7 nm and a second mode at 43.3 nm. In this case the efficiency curve
for 700 hPa can be seen to capture almost all of the particles in the first mode. By
contrast, the counting efficiency curve at 1,013 hPa cuts through the left shoulder of
the first mode at close to half height, so it misses some of that peak. This is different
when it comes to the second mode as the CPC has a measurement efficiency of close
to 100% at either pressure level for most of these presumably solid particles.

As the type approval of vehicles can also be performed at higher altitude as previously
discussed in chapter 2.5.4, this is another very concrete application of CPCs at
reduced pressure. It is important to emphasize that vehicle compliance tests during
type approval require a highly accurate measurement of the total concentration by the
CPC in order to demonstrate compliance with the particle number (PN) emission limit
value of the emissions regulations.
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Fig. 57: Normalized size distribution for diesel exhaust (dark grey) and counting efficiencies
of the CPC 3772-CEN at 1,013 hPa (orange) and 700 hPa (yellow).

In order to quantify the effect that a shift in the counting efficiency at reduced pressure
has on the CPC performance, a simple arithmetical calculation is introduced. The idea
behind it is to convolute each of the size distributions with the counting efficiency data
for both pressure levels. The CPC’s measurement efficiency can be calculated as a
weighted average, where the concentration at each size is multiplied by its weight, and
then added. In practice this can be done by a point by point multiplication of the
normalized particle concentration of the particle size distribution for a given size by the
corresponding value of the counting efficiency for the same particle diameter. In order
to obtain a total measurement efficiency of the CPC, this has to be done from the
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smallest particle size to the largest, and the total has to be divided by the normalized
concentration without the counting efficiency applied. This calculation can be
expressed by the following equation:

n
Zi:o (Nnorm,i * 77CPC,i)
n
Zi=0 (Nnorm,i)

Ncpc,Tot =

where, ncec,otis the total measurement efficiency of the CPC for a given particle size
distribution, Nnorm,i the number concentration normalized to its modal value at particle
size i, and ncec,i the counting efficiency at that same particle size.

The outcome of this calculation for the ammonium sulfate and diesel exhaust size
distributions in the two scenarios is given in Tab. 14. In case of the AS aerosol, the
change in the counting efficiency curve from 1,013 hPa to 700 hPa results in a minor
increase in the measurement performance. Most of the particles in this distribution are
larger than the CPC cut-off sizes at either pressure anyway, so the small chance is
due to a slightly higher maximum counting efficiency around the mode of the
distribution. The results of that calculation reveal that only 1.4% of the total number of
particles are not measured by the CPC at the higher pressure, which is in line with the
visual assessment.

Tab. 14: Effective counting efficiencies of the CPC 3772-CEN for the model scenarios.

1,013 hPa 700 hPa Delta

Ammonium Sulfate 98.4% 99.8% 1.4%
Diesel Exhaust 90.8% 97.0% 6.2%
Diesel Exhaust 99.2% 99.9% 0.7%

(23 nm cut-off)

There is a more distinct impact caused by the shift in counting efficiency in case of the
diesel exhaust aerosol. First of all, it becomes obvious that this model CPC would not
be a good choice for this specific measurement as it does not capture close to 100%
of all particles at standard conditions. Instead, an ultrafine CPC with a lower nominal
cut-off diameter would be a more appropriate choice. In addition, there is an increase
of the model 3772-CEN CPC'’s counting efficiency by a considerable amount of 6.2%
when the ambient pressure is reduced to 700 hPa. This is caused by many of the

116



particles in this distribution being less than 20 nm in size, which is the range where the
difference in counting efficiency is most pronounced. With PN emission limit values
becoming ever more stringent, a change on that order could make the difference
between a vehicle passing or failing an emission type approval test. However, current
EU emissions legislations still define a lower cut-off diameter of 23 nm for this test.
With this in mind, the results for the diesel emission were also calculated for particles
of 23 nm and larger only. As can be seen from the results in Tab. 14, the impact on a
CPC with that larger cut-off would be only 0.7% and thus negligible. Therefore, as long
as a 23 nm detection limit is required, most of the particles would be counted by a
CPC with either counting efficiency curve. Yet, there are several efforts underway to
regulate the particle emissions from vehicles down to a lower size limit of 10 nm,
notably the three EU-funded research projects on the sub-23 nm methodology
(DownToTen, Surreal-23 and PEMs4Nano) that all finished in 2020. In addition, the
measurement with a 10 nm detection limit was already included as an option in a
Global Technical Regulation of the UN-ECE recently. From this basic analysis it can
be seen that ambient pressure has to be considered as an operational condition during
the ongoing discussion about a reduction of the current detection limit from 23 nm to
10 nm, even though only solid particles are to be measured per the regulation.

Lastly, it has to be pointed out that the impact of reduced pressure on the performance
of a CPC would certainly be different in atmospheric nucleation campaigns as well as
atmospheric simulation chamber studies. In such research, mainly monodisperse
atmospheric clusters and freshly nucleated particles in the sub-3 nm range are of
interest to investigate how new particles are formed. With the peaks of the size
distribution near the detection limit of a CPC instrument, any change in the counting
efficiency curve would result in a much more significant difference in the CPC count.
However, such measurements are not done using CPC models of a full-flow design
as investigated in this work. Instead, they require specialized CPCs that are optimized
for a sensitivity down to 1 nm. Their lower detection limit has been pushed down to
that size with the introduction of two-stage CPC designs. In 1Tnm-CPCs, the very small
particles get activated by using diethylene glycol (DEG) as the working fluid in a first
“booster” stage (lida et al., 2009; Dahlkétter et al., 2016; Kangasluoma et al., 2017).
For the past few years, 1nm-CPC instruments have been routinely used in
atmospheric and climate research, for example the CPC systems that include a
Particle Size Magnifier (PSM, Model A10, Airmodus Ltd.), a Nano Enhancer (Model
3757, TSI Inc.) or similar home-built diethylene glycol (DEG) CPCs (Wimmer et al.,
2013). The characterization of their performance at reduced pressure would amount
to even more time and effort than spent on the full-flow CPCs investigated in this
thesis, with the identification of an appropriate, representative calibration aerosol in
the single nanometer range being one of the major challenges to be overcome.
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7. Conclusions and Outlook

The objective of this thesis was a comprehensive study to better understand how
Condensation Particle Counters (CPC) perform when operated at reduced pressure.
Previous studies, although conclusive within themselves, did not demonstrate an
agreement on the low-pressure performance of CPCs when compared with each
other. Some found that the counting efficiency curves of a CPC investigated shifted to
a lower detection limit, while others found larger dso cut-off diameters with decreasing
pressure. In this thesis, the research was taken further by combining an in-depth
literature analysis, numerical modeling and extensive experiments. The laboratory
measurements provided a simultaneous characterization of the performance of two
commercially available CPC models, the CPC 3772-CEN and the Sky-CPC 5.411,
which were operated with only very minor modifications. Both CPCs were always
characterized in parallel at several levels of low pressure that are found during
practical applications in real life. Their counting efficiency curves were determined with
a high particle size resolution down to a few nanometers, along with their characteristic
lower detection limits and asymptotic efficiency characteristics.

The key finding from this work is that while reduced pressure can have a pronounced
effect on the counting efficiency of a standard CPC, the exact consequences very
much depend on the concrete measurement conditions and the specific CPC design.
CPC models in use today differ considerably in their instrumental parameters. This
includes the geometry, operating parameters and handling of the working fluid, which
all play a role in their performance at reduced pressure. It could be demonstrated that
both of the butanol CPCs used in this work are linear instruments with R? values larger
than 0.9 during valid measurements. It was shown that the slope of the efficiency curve
as well as the dso detection limit of a CPC can change depending on the ambient
pressure, with the impact being the greatest at very low levels. This is caused by a
change of the supersaturation profile inside the condenser section, with lower
pressures resulting in different peak saturation values than at standard conditions.
That said, only minor differences were observed between the two butanol CPC models
in the experiments until a threshold level of reduced pressure was reached. It was
established, within experimental uncertainties, that the counting efficiency of these
CPCs is largely independent of the ambient pressure between standard conditions
and 500 hPa. Both of these specific full-flow CPC models can be used down to
400 hPa with acceptable corrections. Below that pressure, the performance of the
CPC 3772-CEN that was not developed for low-pressure operation collapsed. This
sudden decrease in the CPC’s total measurement efficiency when operated below
standard atmospheric pressure largely agrees with findings first reported more than
80 years ago (Schlarb, 1940). The Sky-CPC 5.411, which was custom-designed for
operation at reduced pressure, continued to measure accurately at 300 hPa. It even
reported acceptable concentration data at a pressure of 200 hPa when the fluctuations
seen with high time resolution are averaged out. The conclusion from these calibration
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experiments is that there is a distinct minimum pressure level until which a certain
CPC model will work reliably. That minimum pressure level depends on its inner
geometry, residence time of the aerosol going through the condenser, internal
temperatures and other characteristics, and is therefore different for different designs
of CPCs. The more than 50% larger temperature difference and the resulting much
higher saturation ratio of the Sky-CPC compared to the CPC 3772-CEN are key
reasons for the more efficient activation of particles. In fact, the saturation ratio of the
CPC 5.41X reaches a peak value that is about a factor of 3 higher than the one of the
3772-CEN. In consequence, the spatial profile of the saturation ratio inside the
condenser tube is also very different which results in its better activation probability.
This work also suggests that certain CPC models are less suitable or even unsuitable
for use at low pressure. The choice of water-based CPC, the model 3783, which was
made based on its use in atmospheric monitoring and proven long-term stability in
near-road networks, was not adequate for low-pressure experiments. It failed already
at ambient pressures between 920 hPa to 930 hPa and cannot be used as an
instrument for operation at reduced pressure without modifications. This does not
mean that water-based CPCs are unsuitable for use in low-pressure applications in
general, though, as the newer, third generation model vVWCPC 3789 seems to have
overcome these issues (Mei et al., 2020).

A further goal of this research was to investigate if small levels of relative humidity and
low pressure combined can have an effect on the CPC performance. Measurements
were conducted at several levels of low relative humidity, well below the dew point.
Experiments were made between 1 and 40% RH, although the full extent of that range
could never be realized at one and the same pressure. Yet in each experiment stable
values of relative humidity that were a factor of 5 or 6 different were achieved. Some
of the greatest difficulties in this experimental work were due to the ambitious endeavor
of doing experiments at reduced pressure and at defined levels of relative humidity at
the same time. Combining different aerosol generation methods, low pressure and
relative humidity while performing the measurements with three to five particle
detectors simultaneously lead to a substantial experimental complexity. It could be
demonstrated that there is no apparent influence of such low to moderate levels of
relative humidity on the performance of CPCs under reduced pressure conditions.
There was no significant shift in the dso detection limit of the CPCs to either larger or
smaller diameters due to these levels of relative humidity alone. The maximum
differences in the dso visible were less than 1.5 nm, which is within measurement
uncertainty at the statistically poor concentrations during some of the experiments and
the slight variation of conditions from experiment to experiment, although conditions
were always stable within each experiment. It could also be seen that there is no clear
effect onto the slope of the counting efficiency in any of the data sets that can be
attributed to humidity alone. Results may be quite different when the relative humidity
reaches near-condensing conditions — but that was not the scope of this work as it is
not likely to occur during the practical applications of interest here.
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Furthermore, it was investigated if the choice of aerosol material plays a role during
operation at reduced pressure. Accordingly, all the counting efficiency experiments
were done with two different aerosol materials representing atmospheric background
and urban environments. A recently-developed flame soot generator was introduced
as source of particles representative of an urban aerosol to the calibration of CPCs.
Since this novel soot generator had not been used for such calibrations before, a
comprehensive characterization to determine an operational setting that would allow
for its use in the small nanometer size range was done. Even with this optimum setting,
however, the particle concentrations of the flame soot aerosol were very low. Statistics
were especially poor below 10 nm as the monodisperse sizes needed to determine
the counting efficiency curve were obtained by size classifying the soot aerosol with a
DMA. This meant that under certain conditions the measurements had to be repeated
several times and also that some data sets had to be discarded post experiment. A
further aspect was that the natural flickering of the flame lead to a larger fluctuation of
the fresh soot aerosol compared to the AS aerosol generated by the much more
constant atomizer aerosol generator. This could be seen in a jagged counting
efficiency curve also at larger particle sizes up to the CPC’s asymptotic efficiency.
When comparing the counting efficiency for the flame soot at different pressures for
one CPC, the curves agreed well with one another in the steep slope section. While
results for the CPC 3772-CEN were again largely similar down to what was found to
be its practical limit at 500 hPa, the cut-off size of the Sky-CPC showed a minor
difference when reducing the pressure further down to 200 hPa. When comparing the
flame soot to ammonium sulfate as calibration aerosol, a slight material dependence
was observed as both CPCs responded to a change in particle material with a minor
change in their performance. Their dso cut-off size was about 2 nm to 3 nm lower for
soot than for ammonium sulfate and also the slope of the curves was slightly steeper
for soot than for the AS aerosol. This is very likely due to the fact that the flame soot
aerosol consists predominantly of chain agglomerates. The corresponding complex
structure and irregular geometry have been shown to enhance the condensation of
liquids. It is therefore most probable that the soot’s surface properties such as the
negative curvature and the contact angle lead to a lower cut-off diameter when it is
used as a calibration aerosol also at reduced pressure.

Finally, it is important to consider the impact of low pressure on the total concentration
measurement of a CPC. It could be demonstrated that for many low-pressure
measurements, apart from those instances when the activation inside the CPC
collapses partially or completely, a small shift in the detection limit or in the slope of
the counting efficiency curve will only result in minor differences in the total
concentration. The exception to that are aerosols that have a distinct nucleation mode
at or close to the lower cut-off diameter of the CPC, like in the presence of volatile
organic compounds under certain atmospheric conditions or when hot vehicle
emissions are cooled down quickly. The latter will be of significance for regulatory
measurements when a CPC with a future 10-nm instead of the currently required 23-
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nm lower detection limit is used for the PN emissions test. In the last chapter it was
shown that a simple arithmetical calculation can be made to quantify the
corresponding effect of reduced pressure on the CPC performance. Itis recommended
to make this simple correction to the total particle number, assuming the aerosol size
distribution is known or that one representative for the respective measurement
condition can be used. For vehicle homologation, correction factors should be
developed for the different engine and vehicle types to be tested. For transient drive
cycle measurements at a test rig for vehicle type approval or permanent use at a
measurement site of high elevation, it makes sense to simply adjust the condenser
and saturator temperatures. With this readjustment the cut-off size of the CPC is
shifted back to its nominal value for the respective pressure. It is much more difficult
to make an appropriate correction to the total concentration when the ambient
pressure experiences a high, rapid variation over time. In-flight measurements with a
CPC onboard an aircraft are therefore the most reliable during cruise conditions, while
data from the climb or descent have to be examined with caution.

In summary, it could be shown that CPCs are reliable, accurate instruments for the
measurement of submicrometer aerosols at moderate to medium levels of reduced
pressure. If they should be operated at very low levels of reduced pressure, custom
designs optimized for such condition are advisable. For the highest accuracy and
legislative purposes, CPCs should be calibrated for their specific application,
especially if it requires their operation at pressures below 500 hPa. The surrogate
calibration of a certain CPC model at discrete pressure levels can provide some
general guidance if an application-specific calibration is not feasible. Such a proxy
calibration will be the more meaningful the further the mode of the aerosol size
distribution to be measured is away from the CPC’s lower-detection limit. For
measurements at high altitude under stationary conditions, appropriate calibrations
can be determined to adjust the CPC’s saturator and condenser temperatures and
thereby moving the dso cutoff diameter back to its specified value.

Without doubt, this study is by no means the last chapter in either the calibration or
the use of CPCs at reduced pressure. The work documented in this thesis also points
to some questions that have not been finally answered. A very important one is the
striking difference in the saturation ratio and the unique spatial profile between the two
CPCs characterized here, and the effect it has on their performance at low-pressure.
Given more time, this could be investigated in greater detail by conducting
experiments at different saturation ratios. Ideally it should also be considered if it is
possible to simulate the CPC response or to include it in the current adaption of
Stolzenburg’s numerical model. Adding to the current experiments in this thesis it
would also be of interest to perform measurements with the Sky-CPC below 200 hPa
to see if its performance also changes greatly at a certain point. This would require a
revised experimental setup with more technical complexities to implement. The benefit
would be to see if the fluctuations that were observed at 200 hPa get more pronounced
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the lower the pressure and also if there is a threshold pressure at which the
performance of the Sky-CPC also breaks down.

Last but not least there is a very pragmatic opportunity to carry-out a similarly detailed
low-pressure calibration of the third generation of water-based CPCs, such as the
MAGIC CPC or the model 3789 vVWCPC. The use of water as the CPC’s working fluid
could put an end to any concerns of flammability that exist when butanol-based CPCs
are used onboard aircraft. Especially their certification for use onboard commercial
airliners as during IAGOS is becoming increasingly difficult and time-consuming, which
would be extremely beneficial to overcome by the use of water-based CPCs.
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