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Abstract 

Airborne particulate matter is today recognized as an important category of air 
pollutants. Current air quality standards, and hence most particle instruments, 

are based on particle mass concentration-the European standard, for example, 
on the PM10 fraction. For other metrics, such as number concentration, there is 

currently a lack of suitable instrumentation for monitoring purposes. A novel real- 
time particle-counting instrument has been developed in an attempt to fill this gap. 

The new instrument is capable of detecting and counting particles from about 
10 nm to 10 pm particle diameter. This instrument, aimed at monitoring ambient air 

quality, uses a parallel combination of optical particle counting for larger particles 

plus condensation particle counting for the smallest particles. The particles are 

classified into several size fractions, which allows discrimination between ultrafine, 
fine, and coarse particles. The instrument also enables gravimetric measurement of 
PM10 or PM2.5 providing the possibility of comparing the measured number con- 

centrations with the mass concentration standards. Furthermore, a conversion of 
the number concentration data into PMIO.. PM2.5, and also PMl mass concentration 
is possible. The new instrument is unique in offering number and mass information 

over the complete size range of interest in urban air quality monitoring. 
The design of the instrument and the development and construction of first pro- 

totypes are described as well as calibration and performance results. The perfor- 

mance tests included side-by-side comparisons of two identical prototypes and 

comparison studies with traditional instrumentation in an urban field environment 

at a monitoring station in Birmingham (UK). Here, very good correlation was ob- 

served between the ultrafine particle concentration indicated by the new instru- 

ment and the total number concentration measured by a CPC (TSI model 3022A). 

Number-to-mass conversion results correlated well with mass concentration mea- 

sured by TEOM. 

Possibilities for a further size fractionation in the ultrafine particle size range 
were investigated and selected techniques tested. Size separation using diffusion 

devices was identified as a suitable technique to be implemented in the new instru- 

ment for ultrafine fractionation. Other future possibilities for further developments 

are also discussed. 
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1 Introduction 

1.1 Background Information 

1.1.1 Particulate Matter 

An assembly of particles suspended in air (or gas) is called an aerosol. The 

size of aerosol particles ranges from approximately 1 nm to 100 pm. Air- 
borne particles or particulate matter are other terms referring to an aerosol. 
Usually, aerosol particles are classified as coarse particles or fine particles 
(Whitby, 1978). Coarse particles have sizes larger than about 2 pm, whereas 
fine particles are usually defined as particles with size less than about 2 pm. 
Particles in the fine and coarse size ranges are substantially different due 

to different sources and particle formation processes, as will be explained 
below. 

Besides this size classification, ambient aerosol is often described with a 
trimodal model consisting of a nuclei, accumulation, and coarse mode. Whitby 
(1978) reviewed size distribution data and found that a model consisting 
of three additive log-normal distributions fitted the data well. Figure 1.1 

shows such a fitted size distribution using parameters found by Whitby 
(ibid. ) for averaged urban distribution data visualizing the three modes. 
Whitby (ibid. ) associated this structure with different sources contributing 
to the different modes. Road traffic and industry are sources of primary 

particles (particles emitted directly in the atmosphere) which contribute to 

the nuclei mode. Secondary particles (particles formed in the atmosphere) 
are generated in the nuclei mode by nucleation from the gas phase, involv- 
ing mainly sulphur dioxide, oxides of nitrogen and volatile organic com- 
pounds. The nuclei mode is also referred to as nucleation mode, particles 
in this mode are referred to as ultrafine particles or nanoparticles. Coagula- 

tion of particles from the nuclei mode and condensation of gas on particles 
lead to a rapid growth of the particles into the the accumulation mode be- 
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Figure 1.1: Ambient aerosol particle size distribution showing nuclei, accumula- 
tion, and coarse modes. (Average urban aerosol data as presented by Whitby, 
1978) 

tween about 100 nm and 2 pm. In the accumulation mode particles grow 
to a certain upper limit of around 2 pm where further growth would result 
in unstable particles. The coarse mode is associated with different gener- 

ation processes, mostly mechanical, and contains particles such as resus- 

pended surface soils, particles from construction activities, and sea spray. 
The sources of particulate matter in the UK are described in a report of the 
Airborne Particles Expert Group (APEG, 1999). 

1.1.2 Air Quality Standards 

Ambient particles affect visibility and are today recognized as one of the ma- 
jor air pollutants affecting human health. Particles larger than about 10 pm 

are, however, often not of special interest, as they remain suspended only 
for relative short periods before settling and do not pose health risks be- 

cause they do not penetrate deep into the human respiratory system. Par- 

ticles below 10 pm size, on the other hand, receive special attention. This 

fraction of aerosol particles is called PM10, where PM10 refers to particulate 

matter consisting of particles with an aerodynamic diameter of less or equal 

2 



1.2 Health Effects of Particulate Matter 

than 10 pm (for a definition of aerodynamic diameter see section 3.1). In the 

same manner one can define PM2.5 and PM, as the fractions of particles with 
diameter less or equal than 2.5 pm or l pm respectively. While these defini- 
tions remain vague, for the legal air quality standards PM10 is defined as the 
fraction of particulate matter sampled with specified sampling efficiency at 
various aerodynamic particle diameters below and above 10 pm, where the 

efficiency at 10 pm is close to 50% (defined, for example, by EN12341,1998). 
Current ambient particulate matter standards are mass based and most 

standards use PM10 mass concentration (EU Council Directive 1999/30/EC 
Stage 1; US EPA 40 CFR Part 50). In the USA an air quality standard for 
PM2.5 mass concentration has been added to the PM10 standard, reflect- 
ing the increasing concern about health effects of fine particles. The Eu- 

ropean standard specifies a 24 h and an annual limit value of 50 pg"m-3 
and 40 pg"m 3 respectively, the 24 h limit value not to be exceeded on more 
than 35 days. The limit values are to be met by 1 January 2005. The refer- 

ence method to be used for measuring PM10 mass concentrations is based 

on gravimetric measurement as specified in EN12341 (1998) or an equiva- 
lent method. The standard will be reviewed when Stage 2 comes in force on 
1 January 2005 based on experience with the current Stage 1. 

1.2 Health Effects of Particulate Matter 

In the 1950's smog episodes killed many people. At that time, it was be- 
lieved that black smoke, mainly carbonaceous soot from fossil fuel combus- 
tion in home heating and industry, was the cause of these health effects. 
Several studies demonstrated a relationship between black smoke concen- 
tration and variations in morbidity and mortality and the prevalence of res- 

piratory illness (for example Schwartz and Marcus, 1990). Due to the use of 
different fuels and better filtration of particles, the particle composition in 

the second half of the 20th century changed, black smoke becoming less im- 

portant. Nevertheless, an increasing number of studies shows the relation- 
ship between particles and health effects such as increased morbidity and 

mortality in people with respiratory and cardiac disease and increased res- 

piratory morbidity in asthmatic people (Dockery et al., 1993; Pope III et al., 
1995; Seaton et al., 1995,1999; Osunsanya et al., 1999; Wong et al., 2001). 
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1 Introduction 

Discussions about the health effects of particulate matter are often con- 
cerned with the size of particles. While coarse particles are not considered 
particular harmful in general, as they do not penetrate deep into the lung, 
fine particles receive more attention today. Since the 1990's there has been 
increasing evidence of the importance of fine and especially ultrafine par- 
ticles affecting health (for example Pope III et al., 1995). Several hypotheses 

and experimental studies explained the toxic effects of ultrafine particles 
and possible mechanisms of causing respiratory and cardiovascular dis- 

eases (Oberdörster et al., 1995; Seaton et al., 1995,1999; Donaldson et al., 
1998). There are now epidemiological studies which consider ultrafine par- 
ticles, mainly by measuring the total number concentration alongside PM10 

and PM2.5 mass concentration. Such studies conclude that the ultrafine par- 
ticles should not be dismissed when looking at the health effects of partic- 
ulate matter. Studied symptoms of the health effects often correlate better 

or equally well with ultrafine number concentration as compared to correla- 
tion with, for example, PM2.5 mass concentration (Peters et al., 1997; Pekka- 

nen et al., 1997; Penttinen et al., 2001; Ibald-Mulli et al., 2002). However, 

some studies did not find evidence for the ultrafine particles being corre- 
lated with health problems (for example Osunsanya et al., 2001). 

Although there is a clear correlation between particulate pollution epi- 
sodes and increased morbidity and mortality, the causal mechanism of these 
health effects is not yet clear. It is not known which component of air- 
borne particulate matter best represents the effects on human health (Har- 

rison and Yin, 2000). The toxicity of the single components is not well 
known. Toxic components of particles, their combination in ambient air, 
and physical properties such as size distribution and mass will all influ- 

ence how particles affect health. The Expert Panel on Air Quality Standards 
(EPAQS) addressed this issue, but could not give clear guidance and instead 

recommended a future review and suggested that metrics other than PM10, 

such as count or surface area, should be included in future epidemiological 
studies to collect more data (EPAQS, 2001). 
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1.3 Monitoring Needs 

1.3 Monitoring Needs 

Most monitoring instruments are mass-based to satisfy monitoring needs 
arising from the air quality standards. The tapered element oscillating 
microbalance (TEOM) (Rupprecht & Patashnick Co, Albany NY, USA; de- 

scribed on page 10) has been used in the UK for PM10 measurements for a 
number of years. There is, however, an ongoing discussion on how to com- 
pare the results of PM10 mass concentration measurements from TEOM and 
gravimetric instruments, as the TEOM is suspected to suffer from losses of 
semi-volatile particles. Green et al. (2001) give a short review of some of the 

studies and suggestions of correction factors to the TEOM measurements. 
Given the potential health effects of ultrafine particles and since the mass 

of ultrafine particles is negligible (the mass decreasing with the third power 
of particle size) in comparison to fine and coarse particle mass concentra- 
tions, metrics other than mass concentration alone should be monitored. 
Morawska et al. (1999b) determined that while in most cases there is a dis- 

tinct nuclei mode in the number size distribution representing the high 

number concentration of ultrafine particles, this does not translate to a nu- 

clei mode in the volume size distribution, and thus does not contribute sig- 

nificantly to the mass concentration. Furthermore, while many of the num- 
ber size distributions were different, the volume distributions were simi- 
lar. Mass-based air quality standards will therefore reveal little information 

about the ultrafine number concentration. A number of other studies have 

confirmed a poor correlation between number and mass concentration of 

particles (for example Tuch et al., 1997; Harrison et al., 1999b; Greig, 2000). 

Consequently many studies suggest that the particle number concentration 

provides a more appropriate indication of possible effects on human health 

than particle mass (Oberdörster et al., 1994; Seaton et al., 1995; Figler et al., 
1996; Harrison et al., 1999a; Morawska et al., 1999a). 

Until there is a better understanding of what causes health effects, si- 

multaneous measurements of more than one metric can be of great value. 
However, despite this need, there are currently very few commercial instru- 

ments which measure more than a single metric (such as mass concentration 
or particle count). In particular, to the knowledge of the author no instru- 

ment is available for the measurement of both mass concentration and size- 
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segregated number concentration, including the ultrafine and coarse size 
ranges. In fact, the uncertainties about the health effects are partly due to 
the difficulties of measuring particles and particle properties. Most mea- 
surements are complicated by the fact that the properties of single particles 
such as size, shape, refractive index, or density are usually unknown. On 
the other hand, many instruments are not suited for routine measurements 
and thus are not widely used in epidemiological studies. These instruments 

are often limited in the size range of the particles measured. Moreover, such 
instruments are often also sophisticated and either too expensive for routine 
measurements or in the form of laboratory prototype systems not suited for 

monitoring ambient air. 

1.4 Aim and Objectives 

Section 1.3 highlighted on the one hand the necessity and on the other hand 
the lack of instrumentation for routine urban air quality monitoring that 

provides multiple metrics. Such instrumentation would be very useful also 
in providing more data, necessary for revised or new legal standards. The 

aim of the work was therefore to: 

Develop an instrument for simultaneously measuring particle number 
concentration, size distribution, and mass concentration in ambient air. 

The project involves combining existing technologies coupled with im- 

plementing novel design ideas and theoretical modelling. The overall aim 
would be achieved through the following objectives: 

1. Identify technologies to be used and design a new instrument inte- 

grating these technologies. 

2. Build prototype modules for testing single stages of the new instru- 

ment and compare their performance with results from theoretical 

modelling. 

3. Build a complete prototype instrument. 

4. Test the performance of the new instrument in the laboratory. 

6 



1.4 Aim and Objectives 

5. Compare the new instrument in field trials with current instrument 

standards. 

The work is described in the following chapters. In chapter 2a brief 

overview of currently used measurement methods for monitoring of ambi- 
ent particulate matter is given. Chapter 3 provides a theoretical background 
for the topics covered in the subsequent chapters. Chapter 4 describes the 
development of the instrument. The design is presented in section 4.1. The 
implementation of components of the design in two prototype modules is 
described in sections 4.2 and 4.3. Section 4.4 shows details of the construc- 
tion of a complete prototype instrument. Chapter 5 reports results of tests 

showing the performance of the prototype instrument. Calibration results 
are discussed in section 5.1. While section 5.2 describes a test of the proto- 
type instrument with high ultrafine number concentrations to illustrate the 

possibility of coincidence corrections, section 5.3 reports on tests during a 
field trial comparing the prototype instrument with traditional instrumen- 

tation. Section 5.4 investigates three different conversion algorithms from 

particle number concentration data to mass concentration using data from 

the comparison tests described in section 5.3. Section 5.5 reports on side-by- 

side comparisons of two identical prototype instruments. The performance 
tests with the new instrument are summarized in section 5.6. Chapter 6 

studies possibilities of a further size fractionation in the ultrafine size range 
and shows results of tests with selected technologies. Chapter 7 concludes 
summarizing the achievements and outlines further work requirements. 
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2 Particle Measurement Methods 

There are several different methods of measuring particle number and mass 
concentrations and other particle properties such as particle surface area. 
Lehtimäki and Willeke (1993), Baron (1994), and McMurry (2000) give a de- 

tailed overview. In the following sections an overview of the methods cur- 
rently used in air quality monitoring instrumentation that measures particle 
number concentration, mass concentration and size distribution is given to 
highlight their limitations relevant to this work. 

2.1 Commercial Instruments 

Counting Instruments 

OPC The optical particle counter (OPC) measures the amount of light 
(usually from a laser diode) scattered by single particles. Scattered light 
from a particle is collected on a photodetector and converted to an elec- 
tronic pulse whose amplitude gives information on the size of the detected 

particles as the scattering intensity depends mainly on the particle diameter 
(see section 3.2). According to the height of the pulses, the counted par- 
ticles are classified in several size fractions, usually within a range from a 
lower limit of around 300 nm to 500 nm up to a upper limit typically around 
10 pm. OPCs can theoretically have a lower detection limit of around 50 nm 
and it is not possible to extend this further due to limitations by scatter- 
ing of air molecules (Knollenberg, 1985). The OPC therefore normally con- 
sists of a focused light source, a sensing volume (volume in which particles 
are detected) illuminated by the light source, collecting optics which col- 
lect scattered light, a photodetector receiving the scattered light, and signal- 
processing electronics. OPCs are calibrated using particles of known size. 
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2.1 Commercial Instruments 

APS The aerodynamic particle sizer (APS) counts single particles and 
measures their aerodynamic diameter (see section 3.1). The particles- 
together with the carrier gas (usually air)-are accelerated through a nozzle. 
The larger particles, having more inertia, accelerate more slowly than the 

smaller particles or the carrier gas and, therefore, have a lower velocity at 
the exit of the nozzle. The velocity of a particle after exiting the nozzle is 

therefore a measure of its inertia, and hence of its aerodynamic diameter. 
The velocity of the particles is measured as the time of flight between two 
laser beams (or the two intensity maxima of one double-crested laser beam) 

which are crossed perpendicularly by the particles close to the exit of the 

nozzle. The APS is limited for smaller particle sizes as these will follow 

the acceleration of the carrier gas more closely resulting in times of flight 

essentially independent of size. A typical lower limit of APSs is at about 
0.5 pm, below which particles might still be counted but not sized. The 
lower detection limit for counting particles is similar to that of an OPC, as 
both instruments use light scattering. 

CPC A condensation particle counter (CPC), also called condensation nu- 

cleus counter (CNC), measures the total number concentration of particles. 
CPCs grow particles by condensation of vapour onto the particle surface 
until the particles become droplets which are large enough to be detected. 
The detection is achieved by light scattering as in a conventional OPC. A 
CPC has a very low detection limit of a few nanometres as opposed to hun- 
dreds of nanometres for an OPC. Particle size cannot be measured as all 

particles are grown to droplets of similar size. 

DMPS, ELPI Particle size distributions can be measured with instruments 

like the differential mobility particle sizer (DMPS) or the electrical-low pres- 

sure impactor (ELPI). The DMPS uses electrical mobility to size-classify pre- 

viously charged particles in a differential mobility analyser (DMA), which 
is combined with a CPC or an electrostatic filter stage to detect the size- 

selected particles. It is difficult to use a DMPS for particles larger than a mi- 

crometre and also deconvolution of the data to get the size distribution can 
be problematic. More information on the DMPS can be found in McMurry 

(2000). The ELPI is a near real-time size analyser for particles in the size 
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2 Particle Measurement Methods 

range from 30 nm to 10 pm consisting of an aerosol charger and a cascade 
impactor. The use of impaction technique results in difficulties to extend the 

size range below 30 nm. The electrical detection of particles yields a lower 

detection limit for number concentration which is relatively high for typical 

ambient concentrations, for example 4 cm-3 in the size fraction 0.38 pm to 
0.61 pm or 0.4 cm-3 between 4 pm and 6.7 pm (Marjamäki et al., 2000). 

Mass-Based Instruments 

Filter Sampling This is the most common analysis method for particles in 

ambient air. The particles are collected on a filter substrate and can be anal- 
ysed gravimetrically and chemically after a sufficient amount of particles is 

collected. The method requires long sampling times and manual handling 

of the filter samples. High-volume samplers are used to reduce sampling 
time. The measured mass concentration is integrated over time and the fil- 

ter does not provide any size information of the aerosol collected. 

Beta Gauge In a beta gauge, the mass concentration is determined using 
the beta attenuation technique, in which the attenuation of beta rays from a 
radioactive source by the mass collected on a filter is measured. Automated 
instruments exist which provide near-real time measurement of mass con- 
centration. The beta attenuation technique measures total mass concentra- 
tion without information on the particle size distribution. 

TEOM The TEOM is used to measure the particle mass concentration in 

real time. It determines the uptake of mass on a filter which is fixed on a ta- 

pered oscillating element. The oscillation frequency of the element depends, 
besides other properties of the element itself, on the mass of the filter such 
that the change in oscillation frequency of the element is proportional to the 

collected mass during the observed change in frequency. As for the filter 

method and the beta gauge, the TEOM does not provide any size informa- 
tion other than that given by the size-selective sampling inlet with either 
PM10 or PM2,5 size cut. 

Nephelometer, Photometer The integrating nephelometer measures the 
total amount of light scattered by particles in the gas volume examined. The 
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2.1 Commercial Instruments 

light scattering coefficient is so determined. The photometer measures the 

scattered light of the population of particles in the sensing volume. It covers 
scattering angles in a solid angle dependent on the design of the instrument. 
Both instruments can be used as an indication of the mass concentration. 

OPC The size-segregated particle number concentration measured by an 
OPC can be used to calculate the particle mass concentration. Several as- 
sumptions are required for this number-to-mass conversion, such as for ex- 
ample the density of particles, their shape, and their size distribution within 
the size fractions of the OPC. This can result in discrepancies in quality of 
conversion for different locations or different conditions at the same loca- 

tion due to changing aerosol properties. It is, therefore, important to choose 
assumptions and conversion algorithms carefully. Some commercial OPCs, 

such as the GRIMM Dust Monitor Model 1.105 (GRIMM Aerosol Technik 

GmbH & Co KG, Ainring, Germany), provide calculated mass concentra- 
tion. The manufacturers, however, do not tell the user which algorithm 
they use and the user cannot control conversion other than by means of one 

calibration factor. The mentioned instrument, for example, can collect the 

sampled particles on a filter for weighing the collected mass and determin- 

ing a calibration factor as the ratio of actual mass to calculated mass. 

Cascade Impactor Impactors are used to classify particles according to 

their aerodynamic diameter. A cascade impactor has several impactor 

stages in series, each of which collects particles in a certain size range by 

inertial deposition. After sufficient sampling time, the size-segregated par- 
ticles can then be analysed gravimetrically and also chemically. To achieve 
low size cuts either low pressure (low pressure impactor) or small nozzle 
diameters (micro-orifice impactor) are used (Marple et al., 2001). Such cas- 

cade impactors are typically limited to the size range above approximately 
50 nm due to difficulties in using this inertial technique for smaller particles. 
To measure a size distribution in this size range sampling times in the order 

of a few days are necessary to collect sufficient particles on each stage to be 

weighed. The resulting size distribution is integrated over time. 
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2 Particle Measurement Methods 

2.2 Particle Size Distribution Measurements 

Besides DMPS, ELPI, and cascade impactors with their limitations men- 
tioned above, there have been some attempts to design instruments for the 

measurement of ambient air particle size distribution. There are only a few 

systems, however, that measure the particle size distribution for the whole 

size range of interest including ultrafine and coarse size ranges. An exam- 

ple is the differential mobility and optical particle size spectrometer, using 

a DMA, OPC, and CPC (Stolzenburg et al., 1998). The instrument is a com- 
bination of separate systems and can be operated in two modes, with the 
OPC and CPC sampling in parallel either directly polydisperse ambient air, 
or monodisperse particles size-selected by the DMA. The latter is used for 

size calibration of the OPC with ambient air. Other examples are the mobile 

aerosol spectrometer using a DMA together with an OPC (Tuch et al., 2000) 

to measure the size distribution in the size range 10 nm to 2.5 pm and the 

electrical aerosol spectrometer combining two DMAs working in different 

particle size ranges (Tammet et al., 2002). The mobile aerosol spectrometer 

combines again separate systems, whereas the electrical aerosol spectrom- 

eter combines two DMAs designed for this instrument to cover the size 

range from 10 nm to 10 pm. These two aerosol spectrometers were com- 

pared in a field study (Tuch et al., 2000), showing good agreement of the 

size distribution of submicrometre particles, while there were differences 

in number concentrations above 1 pm (electrical aerosol spectrometer read- 
ing more than ten times higher). Tarnmet et al. (2002) aimed the electrical 

aerosol spectrometer at continuous monitoring of atmospheric aerosol and 
built an instrument that measures the number concentration in 12 size frac- 

tions. The low size resolution, as compared to typical DMPS systems, allows 
high time-resolution. Their instrument, however, weighs 70 kg and has di- 

mensions of 0.44 m by 0.49 m by 0.9 m, and hence is relatively bulky. Peters 

et al. (1993) tested two systems to measure size distribution, combining data 
from an APS with either data from a DMPS or an electrical aerosol analyser. 
They compared these systems in a laboratory study with a low pressure 
impactor giving mass concentration as a function of aerodynamic size in 
11 impactor stages between 30 nm and 30 pm. Although they showed that 
the systems were able to determine particle mass distribution as function of 
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aerodynamic size, they evaluated the combinations of instruments only for 

a unimodal sodium chloride test aerosol and the results would need to be 

confirmed for ambient aerosol. They also found that phantom particles (in- 

cidents registered as particles of a certain size but not corresponding to real 

particles of that size) counted by the APS in the coarse particle size range, 

although not significant in the number size distribution, resulted in signifi- 

cant, but false contribution to particle mass concentration. 

2.3 Observations 

The short overview given above shows the lack of suitable instrumentation 
for field monitoring ambient aerosol using more than one metric. The iden- 

tified shortcomings of current instrumentation justifies the aim of this work. 
For example, the few systems reported in literature which count and size 

particles across the whole PM10 size range down to nanometre size, usually 

combine separate instrumentation and are not always suited for ambient 

monitoring. Very few instruments give number and mass concentrations in 

one instrument, as for example an OPC with an implemented number-to- 

mass conversion algorithm. However, this approach has the limitation in its 

size range mentioned earlier and difficulties with the conversion algorithm 
that, for commercial instruments, is usually not published. To the knowl- 

edge of the author, there is no instrument that can measure particle mass 

concentration and, at the same time measure the particle number concen- 
tration as size distribution in several size fractions that cover the fine par- 
ticle size range-including ultrafine particles down to at least 10 nm particle 
diameter-and coarse particle size range up to 10 tim. Such an instrument, 

suited for monitoring ambient aerosol, would be very useful to fill the gap in 

instrumentation currently available. The instrument described in this thesis 

represents an attempt to meet this requirement. 
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3 Theoretical Background 

3.1 Particle Properties 

One of the most important properties of airborne particles is their size, on 
which many other properties depend. However, the different shapes and 
morphologies of particles make an exact definition of geometrical size dif- 
ficult. Depending on which other property, as for example settling veloc- 
ity, light scattering, or electrical mobility, is used to determine particle size, 
there are several equivalent particle sizes, defined as the size of a spherical par- 
ticle having the same property as the particle whose size shall be described. 
Two often-used equivalent sizes are aerodynamic and optical size, defined 

with settling velocity and intensity of light scattering respectively. These 

equivalent sizes may depend also on other properties; aerodynamic size of 
a particle, for example, on its density and shape or the optical size on the 

refractive index of the particle. The aerodynamic diameter is therefore defined 

as the diameter of a spherical particle with a density of 1000 kg. m-3 having 

the same gravitational settling velocity as the particle under consideration. 
The optical diameter is defined as the diameter of a spherical particle with 
a specified refractive index (usually that of the reference material used for 

calibration of the instrument measuring the optical size) scattering as much 
light as the particle whose size is to be measured. 

Particle mass depends on density and volume, where the volume de- 

pends on size and shape, and the density on its morphology. Morphol- 

ogy is important also for the relationship between size and surface area of 
particles, which together with morphology determines the reactivity of a 
particle with surrounding gas. 

While it is already difficult to characterize single particles using their 

properties such as size, shape, and mass, the great variety of properties and 
interdependencies between them make it even more difficult to describe en- 
sembles of many particles, and consequently often integral properties such 
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3.2 Light Scattering 

as the mass and number concentrations are used, sometimes surface-area 
and volume concentration. The size distribution is also of interest for char- 
acterization of particles and is usually expressed in terms of normalized 
particle number concentration as a function of particle size. For ambient 
air the size distribution is often classified in nucleation, accumulation, and 
coarse modes as mentioned in section 1.1.1; these modes typically appear in 

many environments as distinct peaks in the number and volume size dis- 

tributions (Whitby, 1972; Morawska et al., 1999b). Source apportionment 
derived from averaged chemical composition of particles gives additional 
information. A source apportionment for the UK is given by APEG (1999). 

3.2 Light Scattering 

The light scattering of particles is used in many instruments, as for exam- 

ple the OPC, nephelometer, and photometer, and as means for detection 

also in CPC and APS. There are many publications describing instrumenta- 

tion that uses light scattering: Gebhart (2001) and Rader and O'Hern (2001) 

describe direct-reading techniques using the principles of light scattering; 
Baron et al. (2001) report on techniques using optical detection; Gebhart 

et al. (1984) characterize OPCs; Knollenberg (1985) explains the theoretical 

and practical limitations of OPCs; Umhauer (1983) and Hochrainer (2000) 
describe an OPC with an optically defined sensing volume. 

Light scattering by particles with size comparable to the wavelength of 
the light is often referred to as Mie scattering. Gustav Mie published his 

general theory of particle light scattering in 1908 (Mie, 1908); it is exact for 

spherical, homogeneous particles which scatter light elastically. For large 

particles (diameter > 100 pm for visible light) Mie's theory can be approx- 
imated well by geometric optics; for small particles (<50 nm) Mie's theory 

converges to Rayleigh scattering (Gebhart, 2001). For particles in the size 

range between these limits (from around 0.1 pm to 50 pm) Mie's theory has 

to be used for spherical particles to describe light scattering accurately. A 

derivation of his theory can, for example, be found in Bohren and Huffman 

(1983). 

The scattered intensity Is from an illuminated particle depends on the 

particle's refractive index m and on its size, or more precisely on its size 
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3 Theoretical Background 

parameter a. The size parameter is defined as 

7tdp 
a= (3.1) 

where dp is the diameter of the particle and A the wavelength of the incident 

light. The refractive index m of the particle is expressed as a complex num- 
ber whose real part is the absolute refractive index and the imaginary part 
is related to the absorption coefficient. In Mie's theory, the relative refrac- 
tive index is used, which is given by the ratio of in to the refractive index of 
the surrounding medium. In most cases the surrounding medium is air so 
that the relative refractive index is, to a very good approximation, equal to 

m. IS is also a function of the scattering angle 0, which is the angle between 

the directions of incident light and scattered light, as shown in figure 3.1. 

These two directions define the scattering plane, whose orientation in space 

Z 

Scattering plane 
Scattered light 

0 
Particle 

Y 

-E.. 
E, 

X/ 

7 
Incident light E, 

Figure 3.1: Light scattering by a particle at the origin of the coordinate system. The 
direction of incident light defines the z-axis. The scattering angle O is the angle 
between z-axis and direction of scattering. The scattering plane is defined by 
the z-axis and the direction of scattering. The azimuthal angle q is the angle 
between the scattering plane and x-axis. Linear polarization is indicated by the 
direction of the electric field vector (E; ), parallel to the v-axis in this case. Its 
two components parallel (ELI; ) and perpendicular (E I ;) to the scattering plane 
are also shown. 

is defined by the azimuthal angle 0 (angle between the scattering plane and a 
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3.2 Light Sca ttering 

plane defined by the direction of incident light and an arbitrarily fixed direc- 

tion perpendicular to the incident light, the x-axis in configuration shown 
in figure 3.1). 

The angular pattern of scattered intensity depends again on the particle's 
refractive index m and on its size. For spherical particles, Is does depend 

on 0, but as a consequence of the symmetry not directly on the azimuthal 
angle 0. However, in case of polarized incident light, IS will depend on 0 
as the polarization of the incident light with respect to the scattering plane 
changes with 0. 

To calculate the power of scattered light collected by an instrument, Is 

needs to be integrated for a given particle diameter dp, over 0 and 0 within 
the solid angle covered by the collecting optics of the instrument. The re- 
sponse curve of an instrument shows the scattered power as a function of 
the particle diameter dp. Figure 4.3 depicts a response curve calculated us- 
ing a computer program from Bohren and Huffman (1983), which was mod- 
ified to include the integration of the scattering intensity (see section 4.2.1) 
for the OPC described later in section 4.2. It can be noted that the scattered 

power decreases dramatically as particles become small compared to the 

wavelength (with the sixth power of the particle size if a«1, Knollenberg, 
1985). This rapidly decreasing scattered light power limits the OPC to par- 
ticles larger than the lower detection limit given by the noise of the detector 

signal. The noise is in most cases mainly electronic noise or stray light from 

optical surfaces. If these two noise sources can be reduced sufficiently the 
OPC is ultimately limited by noise created from the light scattered by the 

air molecules in the sensing volume (volume of the illuminating beam seen 
by the detector). With red laser light this limits the detectable particle sizes 
to larger than about 50 nm (Knollenberg, 1985). 

The scattered intensity is calculated from the scattering matrix elements 
S11 and S12 (Bohren and Huffman, 1983), and for unpolarized incident light 

with intensity Il is 
Is = k2r2 

SllIi (3.2) 

The term k- accounts for decreasing intensity with increasing distance r 
from the scatterer, k= 21/A is the wave number. If a laser diode is used as 
the light source then the incident light is linearly polarized and it can be split 
in the two components parallel and perpendicular to the scattering plane. If 
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polarization is parallel to the scattering plane then the scattered intensity is 

1 Is = T2-r2 (Sll + S12)1i (3.3) 

If incident light is polarized perpendicular to the scattering plane then the 

scattered intensity is 
Is = k2r2 

xS11 - S12)11 (3.4) 

The matrix elements S11 and S12 depend on the scattering angle 0, the rela- 
tive refractive index m and the size parameter a, and can be calculated using 
Mie theory (Bohren and Huffman, 1983). 

3.3 Condensational Growth 

This section describes the process of condensation on particles as it takes 

place in the condenser of a CPC. Whether condensation or evaporation 
takes place on an existing droplet or particle is determined by the Kelvin 

equation which describes the saturation ratio SR of the vapour in equilib- 
rium with a droplet of diameter dK: 

SR = exp P 
RTdK (3.5) 

The saturation ratio is defined as 

SR =p 
(T) (3.6) 

where pv is the vapour pressure and ps(T) is the saturation vapour pres- 
sure at temperature T. R is the universal gas constant, M is the molar 
mass, pl and v are the density and surface tension of the liquid forming 

the droplet respectively. At the saturation ratio SR, given by equation (3.5), 

no net condensation or evaporation occurs on a droplet of diameter dK. If 
SR is larger then condensation dominates over evaporation yielding growth 
of the droplet. If, on the other hand, SR is smaller than given by equa- 
tion (3.5), then evaporation dominates condensation on the droplet surface. 
For a given SR the minimum detectable particle diameter that can start con- 
densation is therefore 

4aM 
dmi'=dK=p1RT1nSR (3.7) 
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3.3 Condensational Growth 

The temperature and vapour pressure inside the condenser must be cal- 
culated if one wants to know the minimum detectable particle diameter of a 
CPC. Temperature can be calculated solving the Fourier-Poisson equation 
of steady state heat conduction in a cylindrical tube. In cylindrical coordi- 
nates the equation has the form (Brown, 1960) 

D2 2 vDT 
a az ar2 +r ar + az2 

T (3.8) 

where v is the velocity of the air flow in the condenser, a the thermal diffu- 

sivity of air, r the radial coordinate, z the axial coordinate, and T the tem- 

perature. The term ä T, describing the axial heat conduction in the flow, 

can be neglected as it is usually much smaller than the other terms (Brown, 
1960). This is the case when heat transfer by thermal diffusion (conduction) 
is small compared to thermal convection, a condition given by a Peclet num- 
ber Pe > 60 (Schiesser and Silebi, 1997), where Pe is defined by Pe = 2v 

ä 
Rc 

using the mean air velocity vm and the radius of the cylindrical condenser 
tube Rc. A P6clet number of 60 is given, for example, by a flow rate of 
300 ml-min-1 through a tube with a diameter of 5 mm. To get T as a func- 

tion of r and z one needs to solve this equation, which is also known as 
Graetz problem because a solution was first published by Graetz (1883). A 
derivation of the solution as described below can be found, for example, in 
Baehr and Stephan (1998). 

The vapour pressure pv of the liquid used in the CPC (usually an alcohol) 
inside the cylindrical CPC condenser tube is, for steady state conditions, the 

solution of the equation 

v Pv 
_21 

a] 

Dv az är2 +rä Pv (3.9) 

where D� is the vapour diffusivity in air. Due to the similarity to equa- 
tion (3.8) the problem is the same if the thermal diffusivity of air a is substi- 
tuted with the vapour diffusivity D,, of alcohol in air. 

From the local temperature the saturation vapour pressure ps can be cal- 

culated, which together with the vapour pressure pv yields the saturation 

ratio SR using equation (3.6). Equation (3.7) gives then the minimum par- 
ticle diameter to act as a nucleus for condensation. 

To solve the Fourier-Poisson equation (3.8) the velocity v is expressed as 
a function of r, which for fully developed laminar flow (Hagen-Poiseuille 
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velocity profile) is a parabolic profile 

v =1)V) = 2vm 1- (3.10) i-C 

where vm is the mean velocity in the cylindrical tube and Rc its radius. Go- 
ing to dimensionless coordinates r" and 2 with the substitutions 

=r (3.11) R, 

_z (3.12) 
2RcPe 

equation (3.8) becomes 

1Z aT a2 la 
2 

(1- r) 
a2 ar2 +a LiT (3.13) 

Substituting also D= T-T where TW is the constant wall temperature and t=7'1.11 
Ti the temperature of air at the tube inlet, equation (3.13) becomes 

2 la 1 
are + ap 2 

(1- r aý 
T=0 (3.14) 

Equation (3.14) must be solved for the following boundary conditions: 
t(r, Z) =0 for r=1, Z>0 
1(r, 2) =1 for 0<r <1, 2=0 

(3.15) 

(3.16) 

The constant temperature at the wall (T = TW) is given by equation (3.15), 

whereas the uniform temperature at the tube inlet (T = T; ) by (3.16). With 

separation 1(r, 2) =q (2)ii(r) and these two boundary conditions one gets 
the general solution of the differential equation (3.14) (Graetz, 1883) 

00 
ai exp(-2ßi2)ipi(P) (3.17) 

i=1 

The function ipj is defined as 
00 

IPi(r) =E C2nr2n (3.1 8) 
n=0 

where the coefficients C2n are defined for every eigenvalue ßi with the re- 
cursive formula 

2 
C2n =t2 (C2n-4 

- C2n-2) for n>2 (3.19) 

ß? 
C2 =-4, Co =1 

I 
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The coefficients a; are derived from boundary condition (3.16) as 

10 i (P) (1- p2) P d? 
(3.20) ai = fö lp? (p)(1-P2)FdP 

The eigenvalues ßi are found as solutions of a power series derived from 

equation (3.18) for the boundary condition (3.15) and using the recursive 
definition (3.19) of the coefficients C2,. 

Equation (3.9) can be solved in an analogue way by substituting thermal 
diffusivity with vapour diffusivity and temperature with vapour pressure, 
as mentioned above, and assuming that the air entering the condenser is 

saturated with vapour at the temperature Ti. The dimensionless axial co- 
ordinate z is then consequently defined with D� as 2= 4W, . The dimen- 

sionless temperature ß' is substituted by the dimensionless vapour pressure 
pV = pVj=p w, where pv, w is the vapour pressure at the condenser wall given 
by the saturation vapour pressure at TW and pv, i is the vapour pressures at 
the condenser inlet given by the saturation vapour pressure at Ti, assum- 
ing that the vapour is saturated before it flows into the condenser. The 

saturation vapour pressure at a given temperature is calculated using the 
Clausius-Clapeyron equation linking heat of vaporization with the satura- 
tion vapour pressure 

ps - po exp R To T 
(3.21) 

where po is the saturation vapour pressure at To and L the molar latent heat 

of vaporization of the alcohol at To. As L depends on the temperature, the 

equation approximates the saturation vapour pressure close to To. Super- 

saturation is then calculated from equation (3.6) and the lowest particle di- 

ameter acting as condensation nucleus (dmjn) from equation (3.7). 

After a particle has activated condensation, it forms a droplet which 

grows at a rate which is given by the rate of arrival of vapour molecules 

on the droplet surface, and hence the growth rate depends on vapour dif- 

fusivity and vapour pressure. The growth rate of the droplet diameter dd is 

given by the equation (Hinds, 1999) 

ddd 
_ 

4D�M Loo 
_ 

Lf(Kn) (3.22) 
dt Rpldd Too Td 
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In the equation f (Kn) is the Fuchs correction factor which accounts for the 
fact that close to the droplet surface vapour diffusion does not describe cor- 
rectly the mass transfer of vapour molecules to the droplet. It is given by 
(Ahn and Liu, 1990) 

f(Kn) = 
1+Kn 

1+1.7104Kn + 4/3 Kn2 
(3.23) 

where Kn = 21 is the Knudsen number of the droplet, 1 is the mean free 

path of air molecules. Td and pd are the temperature and vapour pressure 
at the droplet surface, while T... and p... are the temperature and vapour 
pressure in the surrounding air away from the droplet surface. T,,. and p. 
are therefore given by the local temperature T and the local vapour pressure 
pv resulting from the calculations described above. The vapour pressure pd 
at the droplet surface is given by the equilibrium vapour pressure given by 

equations (3.5) and (3.6) as 

4cM 
Pd = p., (Td) exp 

PIRTdda 
(3.24) 

If the droplet growth is slow (SR ti 1) then Td Too. Here, the growth will 
be fast due to the elevated saturation ratio SR, so that Td will be higher than 
T.,, due to the heat released during condensation. The temperature elevation 
Td - T. is given by (Hinds, 1999) 

Td - Too = 
2-°L 

- 
Pa (3.25) 

Rkg Too Td 

where kg is the thermal conductivity of the air (connected to thermal diffu- 

sivity of air a by a= kg/pg'p where pg is the density of air and cp its specific 
heat capacity). The temperature elevation cannot be calculated directly so 
that either numerical solution (Ahn and Liu, 1990) or the use of an empirical 
approximation (Hinds, 1999) is required. The diameter of the droplet leav- 

ing the condenser can be calculated by integration of equation (3.22) over 
the time a particle needs to travel through the condenser. 

3.4 Sampling Efficiency 

Instruments sampling aerosol may suffer from losses, such as for example 
inertial deposition of particles in flow constrictions in the inlet and sample 
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In the equation f (Kn) is the Fuchs correction factor which accounts for the 
fact that close to the droplet surface vapour diffusion does not describe cor- 
rectly the mass transfer of vapour molecules to the droplet. It is given by 
(Ahn and Liu, 1990) 

f(Kn) = 
1+Kn 

1+1.7104Kn + 4/3 Kn2 
(3.23) 

where Kn = 21 is the Knudsen number of the droplet, 1 is the mean free 

path of air molecules. Td and pd are the temperature and vapour pressure 
at the droplet surface, while T,,. and p,,,, are the temperature and vapour 
pressure in the surrounding air away from the droplet surface. T,,,, and p,,. 
are therefore given by the local temperature T and the local vapour pressure 
p� resulting from the calculations described above. The vapour pressure pd 
at the droplet surface is given by the equilibrium vapour pressure given by 

equations (3.5) and (3.6) as 

Pd = Ps(Td) eXP 
4crM 

PlRTdda 
(3.24) 

If the droplet growth is slow (SR ;:: ý 1) then Td ti Too. Here, the growth will 
be fast due to the elevated saturation ratio SR, so that Td will be higher than 
T.. due to the heat released during condensation. The temperature elevation 
Td - T. is given by (Hinds, 1999) 

Td - To = 
D°L p°° 

- 
Pd (3.25) Rkg Tý Td 

where kg is the thermal conductivity of the air (connected to thermal diffu- 

sivity of air a by a= kg/pgcp where pg is the density of air and cp its specific 
heat capacity). The temperature elevation cannot be calculated directly so 
that either numerical solution (Ahn and Liu, 1990) or the use of an empirical 
approximation (Hinds, 1999) is required. The diameter of the droplet leav- 
ing the condenser can be calculated by integration of equation (3.22) over 
the time a particle needs to travel through the condenser. 

3.4 Sampling Efficiency 

Instruments sampling aerosol may suffer from losses, such as for example 
inertial deposition of particles in flow constrictions in the inlet and sample 
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delivery system, before the sample is analysed. Such losses would not only 
reduce the sampling efficiency-the ratio of the concentration of particles 
that reach the analysis system to the concentration of particles in the air- 
but, because they are typically size dependent, would also distort the mea- 
sured size distribution. 

The following section describes various mechanisms of particle losses 

commonly encountered in sampling systems. For a detailed description of 
sampling losses see also Brockmann (2001); general guidelines on sampling 
aerosol are given by Booker et al. (1998). 

Sampling from Calm Air Sampling from ambient air is not easy when one 

wants to take a representative sample with original concentration and size 
distribution. Particle losses at sampling inlets depend on inlet geometry, 
the sample flow rate, and wind speed and direction. Large particles may 

not follow sudden changes in the flow direction due to their inertia. 

When sampling from calm air the inlet geometry and sampling flow rate 

must be chosen within a certain range which is limited by two conditions: 
the upper limit allows large particles, with their high inertia, to follow the 
flow into the inlet, whereas the lower limit ensures that the sampling-flow 

velocity is much higher than the settling velocity of the particles (Brock- 

mann, 2001). 

Isokinetic Sampling In moving air, sampling errors are avoided only if 

the directions and velocities of the ambient air stream and sample flow are 

matched. Under these conditions sampling is said to be isokinetic. More 

precisely, sampling is said to be isokinetic when it is isoaxial (same direc- 

tion) and the mean sample flow velocity through the face of the inlet is equal 
to the air flow velocity. 

This applies to laminar flow in the ambient free stream. However, it can 
be used in similar conditions as well. If isokinetic sampling takes place in 

a round duct using a sampling inlet small compared to the duct diameter, 

the aligned inlet must satisfy the following equation if placed in the centre 

of the duct 

Vm, sample = 2Vm, duct (3.26) 

where Vm, sample and Vm, duct are the mean velocities in the sampling inlet and 
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in the duct respectively, and 2Vm, duct is the local stream velocity in the centre 
of the round duct for fully developed laminar flow (see equation (3.10) for 
Hagen-Poiseuille flow). 

Diffusive Losses Brownian diffusion of particles is a mechanism by which 
particles are lost to the wall of a sampling tube. When particle transport is 
slow compared to diffusion, diffusive losses become significant. The smaller 
the particles the higher is their diffusivity; the smallest particles are there- 
fore affected most by these losses. The diffusion coefficient (or diffusivity) D of 
the particle is given by the equation (Baron and Willeke, 2001) 

_kTCC D 
37tqdp (3.27) 

In the formula k is the Boltzmann constant, rl is the viscosity of air and Cc 
is the slip correction factor, which is given for solid particles by the equation 
(Hinds, 1999) 

CC = 1+ 
d (2.34 

+ 1.05 exp (_o. 39)) 
dP 

(3.28) 
P 

Besides the particle diffusivity, the losses depend on the length of the tube 
and the flow rate in the tube. In a straight circular tube the diameter does 

not affect the losses. To minimize diffusive losses it is best to make sampling 
tubes as short as possible (and at least as short as necessary for the selected 
sample flow rate). 

For describing the losses in laminar flow the dimensionless diffusion pa- 
rameter ý is introduced as 

_ 
transport time 

_ 
L/vm 

diffusion time W, /D 

where L is the length of the tube, vm the mean velocity of the flow, and Wt 

a characteristic width of the tube. For a circular tube Wt is the radius and ý 

can be expressed as 
7tLD 

q 
(3.29) 

For high values of ý, when particle transport is slow compared to diffusion, 
the losses become significant. The losses are characterized using the trans- 

mission efficiency W, which is defined as the ratio of the number of particles 
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transmitted through a given device to the total number of particles intro- 
duced. The transmission efficiency for particles through a circular tube can 
be expressed as (Gormley and Kennedy, 1949) 

ýT - 
1-2.564e/3+ 1.2ý + 0.1770eh for < 0.03 

(3.30) 
0.8191e-3"65ý + 0.0975e-22.3 + 0.0325e-57ý for > 0.03 

The transmission efficiency decreases for increasing ý, and hence for de- 

creasing particle size. Only particles larger than a certain size are therefore 
transmitted efficiently through a sampling tube and the sampling delivery 

path needs to be designed accordingly to avoid losses of ultrafine particles. 

Inertial Deposition in a Bend In a sample delivery path containing bends, 
larger particles will be lost if they cannot follow the flow because of their 
higher inertia. Such particles get deposited on the wall of the bend as they 

get carried out of the flow. These deposition losses depend on the diameter 

of the particles, on the flow rate, and the dimension of the flow path, usually 
the diameter of a round tube. Although a smaller bend radius yields a faster 

drift of particles towards the wall, particles also spend less time in a smaller 
bend and, effectively, the losses do not depend on the radius of the bend. To 

minimize deposition losses it is advisable to keep the transmission lines as 

straight as possible and introduce only absolutely necessary bends. 

The situation can be assessed using the stop distance s of the particle, 
which is the distance travelled by a particle until it stops in absence of any 
forces except the drag force in the gas surrounding the particle. A particle 
drifts by7ls/2 towards the wall of a circular tube while travelling through a 
90° bend. If this distance is larger than the tube diameter dt, all particles 

with that stop distance are carried out of the flow and IT equals zero. For 

smaller particles with their smaller stop distances, and hence smaller drifts, 

the transmission efficiency IT approaches unity. From geometrical consid- 

erations one gets the following equation for IT (Booker et al., 1998) 

IT 
1= ('r + sing) (3.31) 
71 

acs 
=2 cos-1 2dt 

The stop distance s can be calculated using the Stokes number Stk = s/dt 
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which can be given as (Baron and Willeke, 2001) 

ymdppPCC 
Stk = 18q 

(3.32) 

where p, is the particle density. 

3.5 Counting Efficiency 

Apart from the potential losses affecting the sampling efficiency, there are 
other errors that affect the analysis of the sample directly. Two, namely 
statistical and coincidence errors, are briefly discussed in this section. 

Statistical Counting Error The measurement of small particle number con- 
centrations is limited by the increased statistical error vW associated with 
low numbers N of particles sampled. The relative statistical counting error 
0N is therefore /N. The number of particles sampled during a given 
sampling time is is N= npgts, where np is the number concentration of par- 
ticles, so that npq is the number of particles sampled divided by time, as q is 
the volumetric flow rate. The relative statistical error is then 

0N Vn 
(3.33) 

Pqis 

To keep this error small one must take a large sample, which, for a given 
sample flow rate, means measuring the average number concentration over 
a sufficiently long sampling time ts. Alternatively the sample flow rate q 
may be chosen high enough to ensure a small error vN. 

Coincidence Error When more than one particle is present in the sensing 
volume of an OPC (or any particle counter) at the same time, the particles 
are registered as one particle only. This coincidence error yields a system- 
atic under-reading that becomes significant for high number concentrations. 
The coincidence error depends on the probability of having more than one 
particle in the sensing volume, which is given by the Poisson distribution 

and depends only on the mean number of particles in the sensing volume. 
That means that for a given number concentration the coincidence error de- 

pends only on the size of the sensing volume; making the sensing volume as 
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small as possible therefore minimizes coincidence errors. If an OPC suffers 
from coincidence losses, then every coincident event of two or more par- 
ticles will also result in a sizing error, as the coincident signal has usually 
a higher amplitude, and hence is interpreted as a larger particle than the 

single particles producing the signal. This error cannot be easily corrected, 
whereas it is possible to correct the total particle number concentration mea- 
sured for coincidence losses. The following equation describes the relation 
between the concentration ni indicated by the instrument and the real con- 

centration np (Pisani and Thomson, 1971): 

ni = npe-npgT (3.34) 

In this equation T is the minimum time difference between two particles that 

can be detected separately. The product qr can be interpreted as an effective 

sensing volume resulting from signal width and dead time of the electron- 
ics. The mean number of particles in that volume is given by v= npgt and 
the factor e-npgT representing the under-reading is equal to the probability 

of finding the effective sensing volume free of particles (according to the 

Poisson distribution), which is the condition for the counter to be ready for 

counting the next particle. The coincidence error for a given number con- 

centration can therefore ultimately only be reduced by reducing the sensing 

volume given by qr. 
The indicated concentration n; assumes a maximum at v=1 and de- 

creases again for increasing v and hence np. When measuring high number 

concentrations, equation (3.34) can be used to correct the indicated number 

concentration ni for coincidence losses to get the true number concentration 

npifv<1: 
np = niegT"p (3.35) 

Unfortunately, this relation cannot be used directly as np depends on both 

the measured ni and on itself. A recursive approximation, however, can be 

used to calculate np. For this purpose, on the right side of equation (3.35) np 
is approximated by the complete term on the right side substituting np now 

with ni, which yields np = n; egTnieqT"`. Instead of substituting np with ni at 
this stage, this procedure can be repeated several times before eventually 
using ni in place of np stopping in this way the recursions of the approxi- 
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mation. Three recursions yield for example 

np = niegrnleq 
rnlegTnieqTnl (3.36) 

This can readily be calculated if sample flow rate q and minimum time dif- 
ference T between two particles that can be detected separately are known. 

3.6 Summary 

All these aspects of particle measurement had to be taken into account in 

the design of the prototype instrument described in the following chapter. 
The theoretical background given in sections 3.2 and 3.3 was later used for 

calculations that would predict instrument performance and enable certain 
design decisions and verifications. Potential sample loss mechanisms and 
error sources relevant to the instrument design, as outlined in sections 3.4 

and 3.5, needed to be considered for avoiding or minimizing such errors. 
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4.1 Instrument Design 

4.1.1 Requirement Specifications 

The range of existing commercial instruments suitable for use in air qual- 
ity monitoring was reviewed in chapter 2; their respective advantages and 

shortcomings were identified. The customer requirements arising from leg- 

islative regulations are focused on instruments providing mass concentra- 
tion rather than other metrics, such as number concentration. However, 

the ongoing discussion about health effects of particulate matter (see sec- 
tion 1.2) resulted in the need for monitoring other metrics (see section 1.3). 

Most of the current customers of particle counting systems can be found 

in industry and research. Their requirements range from simple monitoring 

purposes to sophisticated research studies. The users usually need real-time 

or near real-time instruments in order to perform time resolved studies or 
to satisfy the needs of industrial processes. 

All these observations justified the aim of this work and, together with 
the theoretical considerations of particle measurement in chapter 3, led to 

the following requirement specifications for the prototype instrument. Such 

an instrument, being aimed for monitoring ambient air, would suit both 

routine monitoring of air quality parameters and monitoring for scientific 

purposes, as for example for epidemiological studies or air quality mod- 

elling. 

Size Range and Size Fractions The total size range of the instrument 

would be required to extend from 10 nm to 2.5 pm or 10 pm. Within 

these limits several size cuts would subdivide the range into size fractions, 

wherein the particles would be counted. 
A lower limit of 10 nm was considered appropriate since it encompassed 
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the nucleation mode which for urban environments typically is in the region 
from 20 nm to 40 nm (Morawska et al., 1999b; Shi et al., 1999). Number con- 

centration of particles below 10 nm would not be required, this information 

would only be of interest when studying particle formation processes. 

Number Concentration The instrument should measure number concen- 

tration between 0.01 cm-3 and 500 000 cm-3. Typical number concentra- 

tions encountered in ambient coarse, fine, and ultrafine size ranges are 

within these limits. 

The lower concentration limit is relevant only for the coarse particle 

range. Here the concentrations are usually very low, whereas the contri- 
bution to the particle mass concentration is significant. The lower concen- 
tration limit must allow monitoring aerosols with fairly low mass concen- 
trations. The selected limit of 0.01 cm 3, is equivalent, for example, to a 

mass concentration of 1 pg"m-3 for a monodisperse aerosol consisting of 
5 pm spheres with a density of 1600 kg-M-3. 

The upper concentration limit has relevance only for the ultrafine par- 
ticles. Near busy roads the average concentrations for ultrafine particles 

reach - 100 000 cm-3 (Harrison et al., 1999a). On a short timescale concen- 
trations can go up to 500 000 cm 3. 

Mass Concentration Either PM2.5 or PMIO mass concentrations should be 

measured by the instrument as daily or weekly averages. 

Data Logging The instrument should offer the possibility of data logging 

and download logged data to a computer. 

Operating Conditions The operating conditions should be from -10°C to 
50°C in a noncondensing environment, and the instrument should be suit- 

able for outdoor use. Ambient temperature and relative humidity should 
be logged. 

4.1.2 Design Overview 

In order to meet the requirements the instrument was to be implemented as 

shown in figure 4.1. The overall design features are described in this and 
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the following section. The ambient air would be introduced into the system 
through a sampling inlet head with a predefined size cut using the PM10 

convention. An alternative sampling inlet with a PM25 size cut would al- 
low measuring either PM10 or PM2.5 mass concentration, according to which 
inlet was used. The sample air was to be transported to three different sam- 
ple analysing systems where representative parts of the sample air could be 

analysed. The sample analysing systems were to be an OPC, a CPC, which 
for further ultrafine fractionation could be preceded with means of size dis- 

crimination, and a filter for gravimetric sampling. 

Sampling 
inlet 

Ultrafine 
fractionation 

OPC II CPC II Filter 

Figure 4.1: This block diagram shows the proposed particle counting system with 
the different technologies. 

The OPC would allow counting and sizing of particles larger than its se- 
lected lower detection limit of N 250 nm. The CPC would allow counting of 

particles larger than its selected lower detection limit of about 10 nm. Par- 

ticle sizing, however, would not be possible with the CPC, as mentioned 
in section 2.1. Combining the results of OPC and CPC would allow, indi- 

rectly, counting particles in the size fraction between their lower limits of 
250 nm and 10 nm. The number concentration of this size fraction (10 Mn 
to 250 nm) would be calculated by subtraction of the sum of the number 
concentrations of the OPC size fractions, representing particles with diam- 

eters larger than 250 nm, from the total number concentration measured 

with the CPC, representing the particles with diameters larger than 10 nm. 
A size fractionation technique prior to the CPC would ultimately provide 
the possibility of subdividing this size fraction in two or three ultrafine size 
fractions. 

The filter would collect the particles for a gravimetric analysis resulting in 

the mass concentration of particles smaller than the size cut defined by the 
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inlet. The particle mass concentration would be averaged over the sampling 
time required for collecting a measurable filter load. 

A number-to-mass conversion method would complement the measured 
mass concentration. The method would give real-time or near real-time, 
size-segregated mass concentration. 

4.1.3 Sample Analysis 

Size Fractions The size cuts that divide the total size range in individual 

size fractions would be provided by different techniques. Three or four size 
fractions would be defined by the OPC. These size fractions would subdi- 
vide the range between the lower detection limit of the OPC and the upper 
limit of the instrument. They would be given by signal thresholds used to 
trigger different counters according to the amplitude of the signal, which 
were related to the particle size (see section 3.2). The different counters 
would give the numbers of particles found in the different size fractions. 

The size range between the lower detection limit of the OPC and the lower 
detection limit of the instrument, defined by the CPC, would be ultimately 
subdivided in two or three size fractions using an ultrafine fractionation 

technique. With the use of the OPC and CPC in parallel only the total count 
in this size range could be given, and this size range would represent the 
lowest size fraction of the instrument-the ultrafine size fraction. 

Number Concentration The measurement of small particle number con- 
centrations is limited by the increased statistical error (see section 3.5) asso- 
ciated with low numbers of counted particles. To keep this error small one 
must take a large sample using long sampling times tg. The lower concentra- 
tion limit of the instrument would therefore be valid only for long sampling 
times. While the accuracy is decreasing towards very low concentrations, 
the instrument should still provide a good indication of such concentration 
levels. 

The upper concentration limit would be given by the coincidence error 
(see section 3.5). Should this limit be too low then the use of photomet- 
ric mode of the OPC detecting the droplets in the CPC (operating mode in 

which not single pulses of light but the DC level of the detector is used as 
a measure of higher particle concentrations) could extend the concentration 
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range to the required level. Alternatively, dilution of the sample air in the 
CPC could also be used. 

Mass Concentration The instrument would collect the sample air drawn 
through the duct on a filter so that average PM10 or PM2.5 mass concentra- 
tions, according to the sampling inlet used, can be determined. This gravi- 
metric sampling would provide daily or weekly averages. A flow rate of 
5 1-min-1 would be sufficiently high to allow for taking gravimetric sam- 
ples. The pump necessary for this flow would be fairly small. 

PM1 mass concentration would be derived from the sub-micrometre par- 
ticle counts. Theoretical investigation and experimental tests would be re- 
quired to show the accuracy of such a number-to-mass conversion (see sec- 
tion 5.4). 

4.2 Optical Particle Counter 

4.2.1 Implementation 

Configuration of Optical System 

Figure 4.2 shows the configuration used by the OPC. To maximize the sen- 
sitivity of the OPC and achieve the lowest detectable particle limit possible, 
particle irradiance and collection efficiency of the scattered light are primary 
factors. These factors can also be used to classify OPCs in instruments using 
a white or monochromatic light source and in instruments collecting scattered 
light in near forward scattering direction or over a wide solid angle. Besides 

sensitivity, another important design feature of an OPC is its response char- 
acteristic, which ideally should be a monotonic function of particle size. For 

this ideal response an OPC should use white light irradiance and wide solid 
angle collection (McMurry, 2000). Laser light irradiance, however, is several 
orders of magnitude higher than what is usually possible with white light 

sources and consequently most currently available OPCs use a laser light 

source and also for this work a laser would be used. More considerations 
about the light source are reported in the next subsection. 

Both optical configurations, near-forward scattering and wide solid an- 
gle, when used with laser light, exhibit a non-monotonic dependence of re- 
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Diode laser module 

Cylindrical lens 

Laser beam 
Scattered light ray 

Mirror-detector axis--- - -------- ------- -- 
Detector 

Spherical mirror"J Sample-air column 

Light trap 

Figure 4.2: The figure shows the main components of the OPC. The sensing volume 
is defined by the intersection of the laser beam and the sample-air column which 
is perpendicular to the section shown. 

sponse on size which is oscillating for particles larger than about the wave- 
length of the laser light. This might prohibit particle sizing in a certain size 
range. It can, however, be acceptable for the size resolution required for 

the OPC that was to be designed. The selected design should be confirmed 
by theoretical modelling as described in section 3.2. This was done for the 
design described in the following and showed that while sizing between 

about 1 pm and 2 pm would not be accurate (due to the non-monotonic 
dependence of the scattered power on particle size in this range), size cuts 
at 1 µm and 2.5 pm would be possible (as can be seen in figure 4.3), which 
would satisfy the requirement specifications. 

Although a near-forward scattering configuration can have a higher sen- 
sitivity due to more intense scattering in the forward direction, a wide solid 
angle scattering configuration was selected because such a configuration, if 

not extending close to forward direction, is less prone to increased stray- 
light background, as optical components do not need to be placed close to 
the laser beam. Such an increased stray-light background could adversely 
affect the sensitivity of the OPC, compromising the advantage of the near- 
forward configuration. Wide solid angle collection of scattered light is usu- 
ally achieved using a mirror which allows a compact design. I lere, a spher- 
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Figure 4.3: OPC response curve for polystyrene latex (PSL) particles (refractive in- 
dex m=1.59) at a wavelength A= 650 nm. The calculated scattering power (in 
arbitrary units) is plotted against the particle diameter in the range from 100 nm 
to 10 pm. 

ical mirror was selected in a configuration at 90° to the laser beam as de- 

picted in figure 4.2. In this configuration the mirror is not close to the laser 
beam thus avoiding the stray-light problems which could arise when using 
other mirror designs, as for example an ellipsoidal mirror design where the 
laser beam is taken out of the OPC chamber through a hole in the mirror 
(Gebhart, 2001). Although maximizing the sensitivity of the OPC to achieve 
a low detectable particle limit was the primary aim, the OPC configuration 
was also selected for its simplicity, so that it could be developed quickly 
and a prototype module built and tested early in the presented work. The 

selected design should also be used as the detector for the CPC, so that the 
design was desired to be compact, flexible, and robust as well. 

The volume in which particles can be detected-called the sensing volume 
or scattering volume-and the detector for the scattered light, are arranged 
on the axis through the centre of the mirror and the centre of the sphere 
defining the mirror surface. This optical axis of the mirror-called mirror- 
detector axis in the following-is at an angle of 90° to the laser beam, as 
given by the configuration. The laser beam and the optical axis are both 

100 
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perpendicular to the sample-air column. In this configuration, the sens- 
ing volume is defined as the intersection between the laser beam and the 

sample-air column. The scattered light from single particles in the sensing 

volume is collected by the mirror and focused to the sensitive area of the 
detector. The dimensions and distances (see table A. 2) have been selected 
to assure that all the scattered light reflected by the mirror would fall com- 

pletely on the detector independent of the position of the particle in the 

sensing volume. The image of the sensing volume is therefore completely 

encompassed by the sensing area of the detector. In this way the solid angle 
in which scattered light is measured is the same for all detected particles, 
so that the detected part of the scattered power and hence the amplitude of 
the detector signal depends on the particle size and not its position when 
detected. As a consequence, there are no partly detected particles which 

would result in undersizing. The required dimensions were determined us- 
ing a ray-tracing program (ZEMAX) and selecting a configuration in which 
the sensing volume would create an image of approximately 1 mm in diam- 

eter on the detector. 

Light Source 

For the OPC a red diode laser in the visible range of 630 nm to 670 nm 
was selected to illuminate the sensing volume. Visible red and near in- 
frared diodes are widely available. The reasons for choosing the visible red 
instead of near infrared are an easier adjustment with a visible laser and 
higher intensity of the scattered light especially for particles below 500 nm 
(for small particles the scattered power is proportional to A-4, Knollenberg, 

1985). This effect outweighs the lower efficiency of most photon detectors 

at visible red as compared to the near infrared. The OPC uses a diode laser 

module with collimating lens and laser-power control. The power is fixed 

by the manufacturer at a value close to the nominal maximum of the diode 

laser of about 30 mW, its power in the collimated beam was measured to 
be around 25 mW. Predicting scattered power of particles (with refractive 
index m=1.59, the value of test particles that would be used later for 

calibration) indicated that this power level would be sufficient to provide 
detectable scattering from particles down to - 250 nm. At this particle size 

a photodiode current of 0.3 nA was estimated, which would yield a sig- 
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nal of 3 mV with an amplifier feedback resistor of 10 MO. The incident 
laser intensity was estimated for a laser beam at the sensing volume hav- 
ing a width of 1.5 mm (dimension of the collimated beam), and a depth 

of 0.1 mm (as focused by cylindrical lens), a value selected for reasons ex- 
plained below. The scattering from spherical particles was calculated with 
Mie theory (Mie, 1908). As outlined in section 3.2, the scattered power de- 

pends on the polarization of the incident light. Although the light from 

the laser diode is linearly polarized, it was not taken into account at this 

stage, as the effect is only secondary and affects mainly measurements of 

particles smaller than about 500 nm. The scattered power is integrated over 
the solid angle of the mirror as seen from the sensing volume. For all scat- 
tering angles 0 within this solid angle the scattered intensity is calculated 

using equation (3.2), where Ii and k are not considered, so that the calcu- 
lated values need to be scaled with Ii/k2 in order to get the absolute scattered 

power. This integration was added to the Mie Fortran program from Bohren 

and Huffman (1983), which was then used to calculate the scattered power 

as depicted in the response curve in figure 4.3 for this OPC design, with its 

mirror-detector axis at 90° to direction of incident light and a mirror half 

angle of 52°, as seen from the sensing volume. 
Table 4.1 shows these estimates, listing all design parameters and calcu- 

lated quantities. The absolute scattered power for a single particle detected 

by the photodiode was calculated using the unitless calculated power (as in 

figure 4.3) scaled by the power li/k2 = 1'A2/4, 
tz. 

Sensing Volume 

To achieve maximum sensitivity required the use of a laser which should 

also be focused to further enhance the particle irradiance. To guarantee 

a proper response characteristic required avoiding partially detected par- 
ticles. In addition to the correct positioning of mirror and detector with 

respect to the sensing volume, this also requires that the laser beam illumi- 

nates uniformly the complete cross section of the sample-air column, so that 

all particles in the sample experience the same irradiance. The laser beam 

was therefore focused by a cylindrical lens only in one direction in a thin 
layer perpendicular to the direction of the sample air flow. 

Besides sensitivity and response characteristic, a low coincidence error is 
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Design parameters Derived quantities 
Power 25 mW Laser intensity 1; 167 kW"m-2 
Wavelength A 650 nm Size parameter a 1.21 
Width of laser beam w 1.5 mm Part. veloc. in sens. v. 5.31 m"s-1 
Focal depth 0.1 mm Width of signal 18.85 Ps 
Particle diameter dp 250 nm Required bandwidth 63.7 kHz 
Particle refr. index m 1.59 Sensing volume Vg 3.14.10-12 m3 
Number conc. np 1000 cm-3 Under-reading factor 0.997 
Sample-air col. 0.2 mm Detected power 0.735 nW 
Sample flow rate q 10 ml-min-1 Photodiode current 0.294 nA 
Photodiode sensitiv. 0.4 A"W-1 Output amplitude 2.9 mV 
Feedback resistor RF 10 MS Z 

Table 4.1: Design parameters used for the OPC prototype module. Estimates for 
laser irradiance and sample flow dimension are used to predict the response to 
particles with sizes close to the required lower detection limit. 

another important design issue. An ideally low coincidence error requiring 

a small sensing volume as described in section 3.5 involves again design 

considerations regarding laser beam and sample-air column. The sensing 

volume is, as mentioned above, the intersection between the laser beam and 
the sample-air column and is given by the focal depth of the laser beam and 
the diameter of the sample-air column. The laser focal depth was estimated 

as 0.1 mm, which was considered as an upper limit for possible focusing 

and hence a worst case for minimizing the sensing volume. A focal depth 

of less than 0.1 mm should be achievable given the theoretical lower limit 

of around 3.4 pm (or slightly larger for a non-gaussian beam profile) arising 
from the formula for the focal depth L 

where A is the wavelength of the 
laser, f the focal length, and w the width of the collimated beam (here w ; z:, - 
1.5 mm and f= 25 mm). Since the maximum particle size is 10 pm, the 
laser beam should not be focused close to this lower limit, even if it should 
be possible, to avoid partially illuminated particles. 

To guarantee an under-reading due to coincidence errors of less than 1% 

at a particle concentration np of 1000 cm'3 and of around 10% at np = 
50 000 cm'3 and around 20% at np = 100 000 cm-3, the required sensing 
volume would be 2.10-12 m3. Table 4.2 shows indicated number concen- 
trations ni and under-reading factors for several particle number concentra- 
tions np using this volume and equation (3.34) in the form ni = npe-I where 
v is the mean number of particles in the sensing volume Vs calculated by 
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v=npVs. 

np v= npVs n; Under-reading 
1 CM -3 0.000 002 1.000 cm-3 0.999 998 

1000 cm-3 0.002 998 cm-3 0.998 
50 000 CM-3 0.1 45 242 cm-3 0.90 

100 000 CM-3 0.2 81873 CM -3 0.82 
500 000 cm-3 1 183 940 CM -3 0.37 

Table 4.2: Coincidence error of a sensing volume of V$ = 2.10-12 m3, as required 
for the described OPC. Various number concentrations np are shown with the 
corresponding mean number v of particles in the sensing volume Vs, concen- 
tration n; indicated by the measurement, and a factor representing the under- 
reading of the OPC. 

For the OPC, where ambient particle number concentrations in the size 

range 250 nm to 10 pm rarely exceed 1000 cm'3 (Harrison et al., 1999a; 

Hughes, 1999; Shi et al., 1999), the coincidence errors can be neglected using 
such a sensing volume. For the CPC, which would use the OPC to detect 

and count the alcohol droplets, these errors would be acceptable too. If a 
better focus could be achieved, the sensing volume, and therefore the coin- 

cidence error would be smaller; otherwise a correction such as proposed in 

equation (3.36) could be used for the higher number concentrations. 
For achieving this sensing volume one would need to focus the sample- 

air column to a diameter of - 0.16 mm. Considering that a laser focus better 

than 0.1 mm should be achievable, the sample-air column was selected to 
have a diameter of around 0.2 mm. This can more easily be achieved if 

the sample flow rate is low, which would also avoid a high sample velocity 
through the sensing volume. A high velocity would otherwise cause short 

signals needing a fast amplifier, which could compromise the gain of the 

amplifier and hence the sensitivity of the OPC. The flow rate of the sample 

air into the OPC was consequently fixed to a low value of 10 ml-min-1. Such 

a low flow rate is conveniently sampled with a capillary tube. 
The focusing of the sample-air flow, apart from reducing the sensing vol- 

ume, would have another advantage. It would constrict the flow to the cen- 
tral part of the laser beam which has a more uniform intensity. The focus- 

ing was designed to be achieved using a layer of clean air surrounding the 

sample-air flow, as shown in figure 4.4. This layer of clean air, usually called 
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sheath air, would be focused through a nozzle. The capillary end would be 

placed in the centre of this focusing nozzle, at the position of the starting 
taper. Dimensions and sheath-air flow were selected so that the two flows, 

Sample Sheath 
capillary 

........... Sample Focusing 
nozzle 

Constriction 

Sensing volume 
a 10.1 

mm el 
m 

Figure 4.4: Focusing of the sample-air flow. The sample is introduced in the centre 
of the sheath air. The sheath air is focused through a nozzle, also constricting the 
sample air. The laser beam and the sensing volume (greyed) are also indicated. 

sample air and sheath air, would have similar mean velocity when they join 

in the nozzle and the sample flow diameter would reduce to approximately 
0.2 mm. Non-compressible flow was assumed (given by the velocities be- 

ing much smaller than sonic velocity) so that the cross-sectional area occu- 

pied by sample air flow contracts at the ratio given by nozzle contraction. 
A nozzle contracting from a diameter of 5.0 mm to a diameter of 1.0 mm 

was selected in combination with a capillary tube with an inner diameter 

of 0.76 mm and an outer diameter of 1.59 mm and a sheath-air flow rate of 

approximately 0.4 1-min-1 

Detector 

The detector used is a reversed biased photodiode. Reverse biasing reduces 
the capacitance of the diode and therefore improves the response time of 
the detector (see, for example Graeme, 1995). The signal is amplified with 

a transimpedance amplifier using a high-bandwidth and low-noise opera- 
tional amplifier (see figure A. 1 in appendix A. 2 for the circuit diagram of the 

amplifier). The required bandwidth of the transimpedance amplifier is de- 
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termined by the width of the pulses of scattered light, which depends on the 

velocity of particles and the depth of the laser beam in the sensing volume. 
A volumetric sample flow rate of 10 ml-min-1 with a diameter of 0.2 mm 
gives a particle velocity of 5.3 m"s-1; a depth of the laser beam of 0.1 mm 
then results in a pulse width of 19 ps, requiring a detection bandwidth of 
about 100 kHz. To maximize the gain of the amplifier a high feedback resis- 
tor of 9.4 MCI was selected, similar to the value of 10 MO used to estimate 
the response of the OPC (see table 4.1). 

Signal Processing 

To measure the particle number concentration in the different size fractions 

the output signal of the amplifier is further processed in a peak detector, 

which, having different threshold levels, triggers different counters accord- 
ing to the height of the signal amplitude. Every counter therefore counts 
particles scattering as much or more light than that corresponding to the 

respective threshold level. Thus particles with size corresponding to the 

amplitude given by the threshold level or larger are counted. To count par- 
ticles in four size fractions the peak detector needs four threshold levels 

corresponding to the four lower size limits of these size fractions. This as- 
sumes that the upper size limit of the size fraction with the largest sizes is 

given by the size cut of the sampling inlet. While this is not true for the 
OPC prototype described here as it does not use a sampling inlet, it will be 

the case for the prototype instrument, as described later in section 4.4. The 

peak detector measures the signal amplitude relative to the base level cor- 

responding to no particle scattering-the DC level of the amplifier output. 
This is important as laser stray light in the scattering chamber falling on the 

photodiode produces a constant output level and the particle scattering sig- 

nals are relative to this stray-light level. Although it is compensated for, the 

stray light should be reduced to a minimum in order to reduce the noise of 
the output signal. 

The peak detector also includes a further signal amplification which has 

to be adjusted through calibration in order to get all threshold levels within 
the operating range of the electronics of the peak detector. Figure A. 3 shows 
the circuit diagram of the peak detector. 
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Flow Arrangement 

Apart from the clean sheath air, the design includes an additional stream of 

clean air directly into the OPC chamber. This clean-air flow is called bleed air 

and helps maintain the chamber free of contamination by particles. Most of 
the air extracted from the OPC chamber is recycled and-after filtration- 

returned as clean air comprising the two components of sheath and bleed 

air (see, for example Knollenberg, 1985). Figure 4.5 shows the arrangement 
of chamber, pump, filters, and valve for adjusting the sample flow rate. The 

Sample air 

OPc 
ISheath air 

chamber Bleed air 

Clean-air 
filter 

Filter LJ LXI Pre-filter 

-ý 

Pump Valve 

Figure 4.5: Flow arrangement of OPC. 

pump load is adjusted to give approximately the desired sample flow rate 
of 10 ml-min-1. The sample flow rate can then be adjusted more precisely 
using a valve which releases a small amount of air equal to the amount 
drawn in as sample air through the capillary tube (sample flow rate). The 

valve is placed in the part of the flow circuit that has a pressure above ambi- 
ent. In this way the very low sample flow rate of about 10 ml-min-1 can be 

regulated without directly measuring it (a procedure that would be difficult 

without adversely affecting the sampling efficiency). A further advantage of 
this arrangement is the extended lifetime of the filters which are effectively 
contaminated only at the low sample flow rate, although the flow through 
the filters is much higher. This flow design makes it necessary to keep the 
OPC chamber airtight, as any leakage would result in a sample flow rate 
different from the flow rate of the air released through the adjustable valve. 
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The amount of clean air in this arrangement depends mainly on the pump 
load, the pre-filter, and the clean-air filter. The selected pump load creates 
pressure drops over these two filters and the valve which are very similar 
(valve releasing directly to ambient air; filters connected to OPC chamber 
which is at approximately ambient pressure). The valve is adjusted to re- 
lease the 10 ml-min-1 sample air flow at this pressure drop. The pre- and 
clean-air filters were selected to give a clean-air flow rate of 0.8 1-min-1 at 
a pressure drop of around 0.5 kPa, a value conveniently suited for using a 

small needle valve. A Whatman Polycap TF(75) (pore size 0.2 pm) was used 

as clean-air filter. It has a very low pressure drop, while the pre-filter creates 

most of the pressure drop over these two filters. Whatman Minifilters were 

used as pre-filter and filter between the OPC extractor nozzle and pump. 
The clean air is divided in the sheath and bleed air. The ratio of these two 

flow rates is, for a given focusing nozzle of the OPC, defined by the inner 

diameter of the bleed-air nozzle, which was selected to be N 1.2 mm reflect- 
ing the dimension of the focusing nozzle to yield approximately equal parts 

of sheath and bleed air. This might be further adjusted with an additional 

valve (not shown in figure 4.5) either restricting bleed air or sheath air in 

case tests with this flow arrangement should indicate the need for such fur- 

ther adjustment. 

4.2.2 Construction and Set-Up 

Assembly 

The assembled scattering chamber of the OPC consists of the main body, 

laser module holder with laser module and cylindrical lens, mirror with 
its holder and adjustment flange, photodiode and its holder, light trap, fo- 

cusing nozzle, inlet chamber cap with capillary tube, extractor nozzle, and 

sheath- and bleed-air nozzles. Figure 4.6 shows two sections of the OPC 

scattering chamber. The dimensions and operating parameters of the OPC, 

as used during calibration (see section 4.2.3), are shown in tables A. 1, A. 2, 

A. 3, and A. 4 in the appendix. 
The mirror adjustment flange is screwed to the main body. The laser mod- 

ule, mirror, and photodiode holders are secured using adjustable screw set- 
tings (see below). All the nozzles for air inlet and outlet are fixed perma- 
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Figure 4.6: Sections of the assembled scattering chamber of the OPC. 
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nently to the chamber. Silicone grease is used to seal all moveable parts, 
thus keeping the scattering chamber airtight whilst still allowing the neces- 
sary adjustments for alignment. 

Alignment 

The design allows the mirror holder to slide in the mirror adjustment flange, 

and the laser module holder and the photodiode holder to slide in the main 
body, hence changing their distance to the sensing volume. Polyamide 

screws are used for securing the mirror, laser module, and photodiode hold- 

ers (screw securing mirror holder not shown in figure 4.6) to prevent the 

aluminium surfaces from being dented or damaged which could make fu- 

ture adjustments difficult. Additionally, two sets of three polyamide screws 
allow the laser module (and thus the beam output direction) to be aligned. 
The mirror can be moved in the plane perpendicular to the mirror-detector 
axis by sliding the mirror adjustment flange on the main body prior to fix- 

ing it with screws (for this purpose the circular holes in the flange are wider 
than the screws). 

The spatial position of the sample air flow is given by the fixed focusing 

and extractor nozzles. By the above described movements of the laser beam, 

mirror, and photodiode the optical system can be aligned so that the result- 
ing sensing volume is imaged on the photodiode. The laser beam should 
be focused on the sample-air column which should cross the laser beam in 
its centre. The mirror and the photodiode should be aligned with the sens- 
ing volume and their distances adjusted to get the best image possible. To 

aid alignment, smoke was introduced into the sample air thus rendering the 

sensing volume visible to the naked eye (see figures 4.7 and 4.8). A more 
detailed description of the alignment procedure is given in section B. 1 in the 

appendix. 

4.2.3 Performance Evaluation 

Laminar Flow Conditions 

The stable, laminar-flow conditions of sample and sheath air between the fo- 

cusing and extractor nozzles have been verified by introducing smoke into 

the air flows and observing the flow lines. Smoke in the sample air stays in 
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Figure 4.7: Set-up of smoke visualization of air flow through the scattering chamber 
of the OPC. Scattering in the sensing volume and the image of it produced by the 
mirror can be seen (indicated by arrows). For this photograph smoke was intro- 
duced in the sheath air so that the sensing volume appeared larger (intersection 
of laser beam and sheath-air column). 

Figure 4.8: OPC alignment with the help of smoke visualization: the photodi- 
ode holder was mounted with a screen replacing the photodiode. The mirror 
produces an image of the scattering in the sensing volume, best alignment is 

achieved when image is sharp and centred on the screen as seen in the centre of 
the picture. 
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a thin column throughout the whole scattering chamber and is completely 
removed through the extractor nozzle. The sample-air column can easily be 

seen by probing it with a separate, hand-guided, laser beam because of the 
high concentration of the smoke particles scattering the light of the probe 
beam, whereas no smoke particles could be observed outside the sample- 
air column. The sheath air remains in a column of constant diameter too, 

as could be seen when adding smoke to the sheath air. In this case it could 
be observed that the sheath air was removed almost completely through 
the extractor nozzle and only little contamination with smoke was intro- 
duced into the chamber showing that the bleed air process was functioning 

correctly. The diameter of sample- and sheath-air columns could be mea- 
sured as 0.16 mm ±0.01 mm and ' 1.1 mm respectively by using a travel- 
ling microscope with micrometer adjustment. These values were close to 

values predicted from the design of the focusing nozzle, the diameter of the 

sample-air column being slightly better focused than the estimated 0.2 mm 
(see page 40). 

Signal Detection with Photodiode 

Different photodiodes were tested in the amplifier circuit which is shown 
in figure A. 1, using two amplifier prototype boards identical in all respects 
but the photodiode used. The amplifier showed very similar performance 

with photodiodes having an active area of 1 mm2 or 5 mm2 respectively. 
With its intrinsic capacitance, the high feedback resistor (RF = 9.4 MO) 

was found to be the limiting device for speed rather than the photodiode. 
Therefore the larger active area photodiode (OSD5-5T, Centronic) was used 
together with a high-bandwidth, unity-gain-stable, FET-input operational 

amplifier (OPA655P, Burr-Brown). The bandwidth of the amplifier with the 

photodiode fitted was tested measuring the rise time (signal increasing from 

10% to 90% of full amplitude) of its output for an optical signal with a step 

change in intensity. The rise time measured was - (4 to 5) ps, which was 

sufficient for detecting the pulses produced by particles with the estimated 

width of 19 us. The noise of the output of the amplifier was measured as 

N (1 to 2) mV (peak-peak) by feeding the signal through a low-noise pre- 

amplifier and observing it then with an oscilloscope. Here, the reported 

values have been measured with the transimpedance amplifier which has 
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been used later for the calibration of the OPC. The output noise governs the 
lower detection limit of the OPC. Low output noise is therefore important 
besides a high bandwidth and a high gain. These three quantities cannot be 

optimized independently and compromises are necessary. 
The stray-light level in the scattering chamber was relatively high; the re- 

sulting constant output level of the amplifier being approximately -80 mV. 
Such an output level corresponds to the amplitude expected for a particle 
with diameter of around 800 nm (using parameters as shown in table 4.1). 
The bias of the amplifier output, as measured when the laser is switched 
off, is N -10 mV. An attempt was made to reduce the stray light by mask- 
ing the main part of the front face of the laser module, leaving only a cross 
section with the dimensions of the laser beam. This was not successful in 

reducing the stray-light level as detected by the photodiode. Observation of 
the beam profile at different distances from the laser module showed that 
the main part of the stray light (visible to the naked eye) left the laser mod- 
ule through the opening of the masks at various angles to the axis of the 
laser beam. It is believed that reflections from the edge of the collimating 
lens in the module would create a considerable amount of this stray light. 
Although masking the stray light from the laser beam at a second position 
could reduce the stray light, this was not tested, as it could make alignment 
more difficult (masks would need to be moved during alignment of the laser 
beam). Efficient reduction was instead achieved by shrouding the photodi- 
ode to reduce the half angle of the accepted light rays to 30°, so that the 

photodiode detects light only coming from the mirror and other areas such 
as the light trap are blocked (the shroud is shown in figure 4.6). The output 
level of the amplifier was reduced to N -13 mV, nearly as low as the level 

when the laser is switched off. 

Calibration 

The aim of the calibration of the sizing capabilities of the OPC was to verify 
the calculated response curve (see figure 4.3) and to determine the magni- 
tude of the response. Before calibration, the flow visualization tests were 
repeated confirming a sample-air column of 0.16 mm ±0.01 mm, which was 
measured again with the travelling microscope. It was also attempted to 

measure the laser focus by filling the chamber with smoke and using the 
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vernier adjustment of the travelling microscope to determine beam depth. 

When best focused, the laser beam showed a depth of - 0.03 mm, which 
was at the measurement limit of the vernier of the travelling microscope 
(one division corresponds to 0.01 mm). Since this was smaller than the es- 
timated upper limit of achievable laser focus of 0.1 mm mentioned above 
(see page 38), showing that a better focus can be achieved indeed, the pulse 
width of the OPC signals was also shorter than estimated-too short for the 

amplifier. In order to increase the pulse width, the laser beam was slightly 
defocused by withdrawing the laser module by a distance of around 2 mm 

so that the focus was not in the sensing volume but 2 mm away from it. 

The laser beam depth at the sensing volume was then measured as 0.10 mm 
±0.01 mm. 

The OPC calibration was performed using polystyrene latex (PSL) spheres 
(refractive index of 1.59) of known sizes. The PSL spheres were aerosolized 
from a suspension in water using a nebulizer (TSI TRI-JET Aerosol Gener- 

ator). The generated particles were collected in a ballast chamber (r 20 1) 

from which the OPC sample was drawn. The set-up is shown in figure 4.9. 

Filtered air 

Ballast OPC 

chamber 

Pressure release 
to ambient 

TSI TRI-JET 

0 Filter 

-* Air flow 

Figure 4.9: Configuration used during OPC calibration. 

Typical OPC detector signals (amplifier output; peak detector was not 

used for calibration) are presented in figure 4.10, which shows four oscil- 
loscope traces. Table 4.3 shows the sizes of the used spheres together with 
the respective deviations stated by the manufacturer. For each of the three 

sizes the amplitudes of at least 30 single signals were measured. Figure 4.11 
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Figure 4.10: Typical OPC detector signals, captured on an oscilloscope. The upper 
two oscilloscope traces are from 0.356 pm PSL spheres, the left depicts a signal of 
a single particle, the right is the average of 64 signals. The lower two traces are 
the averages of 64 signals of 0.548 pm (left) and of 64 signals of 1.053 pm particles 
(right). 

PSL spheres Response Fit 
(0.356 ± 0.014) pm (25.4 ± 3.6) mV 24.4 mV 
(0.548 ± 0.016) pm (94 ± 9) mV 93.9 mV 
(1.053 ± 0.016) pm (304 ± 16) mV 315 mV 

Table 4.3: PSL spheres used for calibration and the respective results of calibration 
and theoretical calculation. 
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shows the measured amplitudes in a histogram. For every particle size, 
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Figure 4.11: The histogram shows the measured amplitudes of the responses to the 
three different sizes of PSL spheres used during calibration. For each size about 
30 scattering signals were examined. 

most measured signals were grouped at a certain amplitude, however a 
few signals were observed at different amplitudes. This suggests that there 

could be contaminant particles, especially when sampling the 356 Mn and 
1.053 pm particles. These might result from residual particles in either the 
tubes of the nebulizer or the ballast chamber. Care was taken to reduce 
such residual particles when changing the generated particle size by flush- 

ing the ballast chamber and the connected tubes with clean air. Tests where 
less care was taken, indicated such residual particles, showing signals with 

amplitudes expected for both the newly generated particles as well as for 

the last generated particles. The resulting response values, which are also 

shown in table 4.3, are averages with standard deviations calculated exclud- 
ing these contaminant particles. While for 356 nm particles 4 out of 32 sig- 

nals (> 49 mV) and for 1.053 pm particles 10 out of 30 signals (< 255 mV 

and > 550 mV) were excluded, for 548 nm particles all 36 measured signals 

were considered. The calculated response curve can be fitted to these aver- 

age values applying a constant factor to the normalized calculated values. 
The results of this fit (least squares of logarithmic differences) are presented 
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in table 4.3. The results of the calibration, also represented in figure 4.12 as 
a response curve, demonstrate the very good agreement between the mea- 
sured response and Mie theory. Looking at the typical signals as seen on the 

oscilloscope (see figure 4.10), it can be seen that a signal with an amplitude 

of around 10 mV (at signal-to-noise ratio of approximately 1: 1) should be 
detectable, corresponding to a lower detection limit of the OPC for PSL par- 
ticles of about 280 nm, close to the required lower detection limit of 250 nm. 
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Figure 4.12: The measured response to PSL spheres of the three different sizes is 
shown together with the calculated response curve which was scaled to best fit 
the measured data. The values indicated are the averaged amplitudes of about 30 
signals. The amplitude of detector signal is plotted against the particle diameter 
in the range from 200 rim to 2.5 pm. 

Preliminary tests were also caried out with the peak detector, proving its 

operational principles. The gain of the further signal amplification of the 

peak detector was adjusted to 2.4 so that a threshold at around 2.5 V corre- 

sponded to a size cut at 2.5 pm for the calibrated size response of the OPC. 

The following four thresholds were calculated from the theoretical response 
to PSL spheres using the scaling factor found at calibration to fit the mea- 
sured response and the gain of the peak detector: 13.6 mV for size cut at 
250 nm; 172 mV for size cut at 500 nm; 715 mV for size cut at 1.0 pm; 2.37 V 
for size cut at 2.5 pm. The peak detector with these settings was used to 
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measure the number concentration in the four size fractions defined by the 

thresholds. It was used together with four counters on a microprocessor 

adapted from an existing instrument from Casella CEL Ltd which was re- 

programmed for these tests. 

4.2.4 Improvements 

The calibration of the sizing capabilities of the OPC was performed with PSL 

spheres having a refractive index of 1.59. The OPC was, however, later to 

be used with ambient outdoor aerosol which typically has a lower average 

refractive index (Hering and McMurry, 1991). The OPC with its PSL based 

calibration will therefore overestimate the size of most ambient air particles 
(Liu and Daum, 2000). The calibration of the next prototypes, which were to 

be used in ambient field trials, had to be corrected to the average response 

to ambient aerosol. This could be achieved by calculating the response to 

both PSL and average properties of ambient aerosol and then accounting 
for the difference in the two (see section 5.1.2). 

The laser beam and the sample-air column were focused more tightly 

than predicted when estimating the OPC response, as mentioned earlier. 
Although the laser was defocused prior to the OPC calibration, the pulse 

widths were still only around 8 is (see figure 4.10), which was still too short 
for the amplifier with its gain fixed by the feedback resistor of 9.4 Mn and 
the resulting rise time of N (4 to 5) us. However, since calibration results 

showed that the signal magnitude was still linear with scattered power (as 

the calculated response could be scaled to fit the measured response), it was 
decided not to increase the bandwidth by reducing the amplifier gain. Nev- 

ertheless the conditions of pulse width, amplifier gain, and its bandwidth 

are not ideal and improvements should be addressed in the future. Elec- 

tronic solutions to the problem, however, are not easy as the bandwidth 

and gain can be increased together only at the cost of higher electronic noise 

as, for example, by using a second amplifier stage (Graeme, 1995). 

A disadvantage of the sheath air being recycled is that it might be heated 

up by the pump and consequently heat the sample slightly above ambient 
temperature (Biswas et al., 1987). This was not considered at the time of 
design. It should be further investigated in future work whether this affects 
the sizing capabilities of the designed OPC. 
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The laser alignment procedure proved to be difficult, especially because 

of the number of degrees of freedom. Consequently the OPC design was 
changed to fix the position of the photodiode. Also the allowed movement 
of the mirror adjustment flange was reduced to only one direction (parallel 

to laser beam) by slotting the holes for securing it with screws, rather than 
having them circular. This was subsequently implemented and tested in 

a second OPC prototype and should be used for the OPC implemented in 
the prototype instrument (see section 4.4). The remaining freedom of move- 
ment was sufficient and alignment easier when a certain order of alignment 
steps was followed, which is reported in section B. 2 in the appendix. 

Several design changes were already implemented before the calibration 
was carried out (see section 4.2.3) and can be seen in the mechanical section 
in figure 4.6. These early design changes include: 

1. The polyamide screws initially used to fix the laser module in its 
holder and the holder in the OPC main body (see section 4.2.2) were 
replaced with metal grub screws having only. a polyamide tip. While 

still protected from denting, the laser module and the laser module 
holder could be fixed more firmly than was possible with the screws 
entirely made from polyamide. 

2. The position of the bleed-air nozzle in the scattering chamber was 
changed. This was because tests with smoke visualization of the 
bleed-air flow (adding smoke to the bleed air and viewing with a 
hand-guided laser) had shown that the bleed air, after leaving the 

nozzle, stayed in a jet across the chamber. Earlier, the nozzle axis was 
directed in the centre of the scattering chamber so that the bleed-air jet 

crossed the sample-air column deflecting it slightly. 

3. The focusing nozzle was changed to the design described in sec- 
tion 4.2.1 (see page 40). Earlier, the nozzle had a contraction from 

5.4 mm to 2.3 mm and needed to be used with a higher sheath-air 
flow rate and a thinner capillary tube (inner diameter of 0.43 mm), 
which might have been prone to blocking with droplets when the OPC 

would be used as detector for the CPC. 

4. The bleed-air nozzle was widened (from an inner diameter of 0.8 mm 
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to 1.2 mm) to increase the amount of bleed air which for efficient op- 
eration needed a flow rate similar to the sheath-air flow rate. 

5. The extractor nozzle diameter was increased. Earlier, the cross section 
was similar to that of the sheath-air column and the change accounts 
for the increased bleed-air flow. The smaller cross section would oth- 
erwise cause acceleration of air entering the extractor nozzle, which 
might form local eddies and cause sample recirculation. 

4.3 Condensation Particle Counter 

4.3.1 Implementation 

Figure 4.13 shows the different components and flow arrangement of the 

prototype CPC to be used for ultrafine particle detection (dp < 250 nm). The 
implementation of this design, which in respect of the arrangement of sat- 

urator and condenser and the introduction of sample air was based on an 

earlier design by Stolzenburg and McMurry (1991), is described in the fol- 

lowing paragraphs. Theoretical modelling to predict the saturation ratio 
and the lower detection limit (dmjn) was carried out for this CPC design and 
the results are presented in section 4.3.3. 

Valve Pump 
O Temperature sensor 

Pre-filter OPC 

HEPA OT Condenser 

OT Saturator-condenser connector 

Saturator 

PI'Sample 

air 

Figure 4.13: Flow arrangement of the CPC. 

Saturator 

Clean filtered air flows continuously through the saturator, which is heated. 

The inside wall of the saturator is covered with felt which is soaked with the 
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working fluid to increase the exposed surface and encourage evaporation. 
The working fluid is an alcohol, either iso-propanol or n-butanol. 

Ideally the air leaving the saturator should be heated to the saturator tem- 

perature and its vapour pressure would be the saturation vapour pressure 
at this temperature. The volume of the saturator (-77 cm3) was chosen suf- 
ficiently large and the air flow rate through it (#s (300 to 400) ml-min-1) low 

enough to ensure a long residence time of the air in the saturator and, there- 
fore a good approximation to this ideal situation. With these parameters the 

estimated residence time would be of approximately 12 s to 16 s. 
The saturator volume is also required to be sufficiently large to take a 

quantity of alcohol which would permit operation of the CPC for at least 

a few days without refilling, necessary when used in field trials, and the 

above choice respects this consideration too. 

Saturator-Condenser Connector 

The alcohol-vapour laden air flows into the condenser via a connector piece. 
The sample air is introduced in the centre of the air from the saturator in this 

saturator-condenser connector. The connector was designed to join the two 

air flows without introducing turbulences so that the sample air remained 
in the centre of the flow throughout the cylindrical condenser. The cross 
section of the flow path through the connector was designed to remain con- 
stant and the dimensions of the saturator-condenser connector were chosen 
so that the mean flow velocities of the flow from saturator and the sample 
air flow were similar when joining. The maximum of saturation ratio SR 
is reached on the centre line of the condenser (as will be shown later, see 
figure 4.16), so that the advantage of the sample air being in the centre is 

that all particles experience the same lower detection limit, resulting in a 
steep activation (and counting) efficiency curve (Stolzenburg and McMurry, 
1991). Also diffusive losses of particles or particle containing droplets to the 

condenser wall are minimized by keeping the particles in the centre. 
After the sample air is introduced in the air flow saturated with alco- 

hol vapour from the saturator, the saturator-condenser connector extends 
for about 8 mm at saturator temperature, before it is joined to the con- 
denser. This design was selected to allow vapour diffusion into the sample 
air flow before condensation starts in the condenser (Stolzenburg and Mc- 
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Murry, 1991). The saturator-condenser connector was thermally isolated 
from the cooled condenser ensuring the close to ideal situation of particles 
in saturated vapour at saturator temperature when encountering the cooler 
condenser temperature. 

Condenser 

The condenser is cooled to a temperature required to create the saturation 

ratio for the desired lower detection limit. For optimum operation the size 

of the condenser had to be chosen sufficiently long to include the maximum 

of SR at a distance to the exit that permits the smallest particles-activating 

condensation only at maximum SR-tO grow to droplets which were suffi- 

ciently large for OPC detection. In a first instance, the length was chosen so 
that the transition time in the condenser was similar to that of the CPC de- 

scribed by Stolzenburg and McMurry (1991). At a later point, calculations 

were performed to verify the design. The results (see section 4.3.3) indicated 

potential improvements to guarantee sufficient droplet growth, which were 

addressed later (see section 4.3.4). 
To permit the alcohol that condenses at the condenser wall to flow back to 

the saturator, the condenser axis is oriented vertically. Also the saturator- 

condenser connector design allows this liquid-flow without blocking the 

gas flow path. 

Droplet Detection 

Droplets produced by the condenser are detected by a second OPC. For 

clarity the original particle counting and size-classifying OPC will in the 
following be referred to as OPC1, whilst the droplet detector will be referred 
to as OPC2. 

The OPC2 is essentially identical to the OPC1, with the exception that the 

former uses no sheath air to confine the sample flow, as the vapour-laden air 

coming from the saturator is surrounding the sample air in this design and 
hence the sheath air is not required. As no sheath air is used, the focusing 

nozzle of the OPC2 introduces the air flow from the condenser-including 
the sample air with the alcohol droplets in its centre-into the scattering 

chamber for detection of the droplets. It is expected that the sample in the 
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OPC2 would not be confined as well as in the OPC1 (sample introduced 
directly in the focusing nozzle, surrounded by sheath air), as the sample 

air is introduced upstream of the condenser, far from the focusing nozzle 
so that partial mixing with the surrounding air might occur. The sensing 

volume would in this case be larger. However, this would not increase the 

probability of coincidence as the mean number of particles in the sensing 

volume would remain the same. The sample would effectively be diluted 
(due to the mixing with part of the surrounding air) so that the number 
concentration np in equation (3.34) would decrease in the same ratio that 
the sensing volume (Vs = qT), or the flow rate q containing the sample, had 

increased. This would, therefore, result in the same under-reading as in case 
of the OPC1. 

With high number concentrations, the concentration n; indicated by the 
instrument could be corrected for coincidence errors by determining the ex- 
act under-reading using an acknowledged reference instrument. Compar- 

ing such results with equation 3.34 would give the effective sensing volume 
Vs = qT responsible for the coincidence error, which could then be used to 

correct the indicated number concentration ni using equation 3.36. Alterna- 

tively, one could directly determine the minimum time r between two CPC 

droplets separately counted by the OPC2, for example, by observing many 

coincident and nearly-coincident signal pairs. While the latter approach has 

been done with the prototype instrument described in section 4.4, the for- 

mer approach could be attempted in future work. 
The laser on the OPC2 used for droplet detection is mounted with a 900 

relative shift in axial orientation as compared to the laser on the OPC1 (see 

section 4.2), thus rotating the elliptical profile (laser diodes have typically an 

elliptical beam profile) of the collimated laser beam before focusing, yield- 
ing a wider beam profile. The laser here, is mounted so that the longer axis 

of the elliptical profile of the collimated laser beam is parallel to the mirror- 
detector axis. Thus, after focusing the beam with the cylindrical lens (which 

focuses only perpendicular to the mirror-detector axis) the sheet-like fo- 

cused beam has still the width of the longer axis of the elliptical profile. This 

was done so that all air passing through the condenser will subsequently 

pass completely through the laser beam, as opposed to the OPC1 design 

which ensures only that the complete sample air will pass through the laser 
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and not the wider sheath air. The narrower beam used in the OPC1 results 
in a higher laser irradiance which was important for the sensitivity. This 
is different for the OPC2 where sensitivity is not the primary aim and the 

wider laser beam could be afforded without compromising the design. 

The OPC2 uses bleed air, as does the OPC1, to avoid contamination of 
the scattering chamber with vapour and particle-containing droplets. This 

ensures that the optical components are maintained clean. 

Flow Arrangement 

As in the OPC1 design, the main part of the extracted air is recycled through 

a filter, here a HEPA filter (Whatman, HEPA-CAP 36) is used. The sample 
flow rate can be adjusted by the air released through a valve as shown in 

figure 4.13, in the same way as explained for the OPC1, as the flow arrange- 

ment is in most respects similar to that described in section 4.2.1. The result- 
ing clean air is here used for the saturator and bleed-air flows respectively. 

4.3.2 Construction and Set-Up 

The dimensions and operating parameters of the first CPC prototype are 

presented in table A. 5. Figure 4.14 shows a sectional view. The section 
through saturator, saturator-condenser connector, condenser, and OPC2 vi- 

sualizes the air path through the instrument. The capillary tube that intro- 

duces the sample air into the centre of the flow from the saturator can be 

seen in the section. A box encloses the saturator and the HEPA filter (not 

shown in the section) for this first CPC prototype, thus providing thermal 
insulation of the heated saturator. In this way, also, the filter is heated, thus 

avoiding alcohol being collected in the filter as condensed liquid. The satu- 

rator is heated with a flat resistive wrap-around heater element. 
The saturator-condenser connector is in thermal contact with the satura- 

tor, the two metal parts being glued together. It is thermally insulated from 

the condenser through a connector piece made of polyacetal, which has the 

same inner diameter as the condenser and the saturator-condenser connec- 
tor. 

The condenser is covered with an polyacetal enclosure to insulate it ther- 

mally. It is cooled with two Peltier elements which are placed between 
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OPC2 

Focusing nozzle 

Polyacetal connector 

Polyacetal enclosure 
Condenser 

pp Space for 
temp. sensor 

Condenser Peltier element 

Heat sink 
SECTION A-A 

Peltier elements 

Polyacetal connector 

Saturator- 

condenser Saturator------ 
connector 

1L Felt 

Sample -1 
capillary tube o5 10 ' ý> ;Tý!, MIT, 

Figure 4.14: Section of the first CPC prototype. The section shows the saturator, 
saturator-condenser connector, condenser, and OPC2. The sample air is intro- 
duced through the capillary tube in the centre of the flow coming from the satu- 
rator. 
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the condenser and a heat sink. For effective cooling the heat sink needs to 
be large and ribbed with vertical fins to allow air circulation for enhanced 
heat dissipation by convection. With another polyacetal connector the con- 
denser is connected to but thermally insulated from the focusing nozzle of 
the OPC2. 

An integrated-circuit temperature sensor (LM335A, National Semicon- 

ductor) has been embedded in the metal of the condenser, while an external 

sensor of a digital thermometer has been fixed to the saturator (not shown 
in figure 4.14). The saturator can therefore be set manually to an arbitrary 
temperature above, and the condenser to an arbitrary temperature below 

ambient temperature by adjusting the heater and cooler currents until the 
desired temperatures are reached. While this was sufficient for testing this 

prototype, the temperatures would be controlled in the prototype instru- 

ment (see section 4.4.4) to maintain the stable conditions necessary for field 

tests. 

4.3.3 Performance Evaluation 

Calculations 

Figures 4.15,4.16,4.17, and 4.18 show the results of modelling calculations 

performed for the CPC. The calculations, executed via a Perl program, com- 

pute the temperature profile, vapour pressure, saturation ratio, and result- 
ing Kelvin diameter-indicating the minimum detectable particle diameter 

dmin as well as the droplet growth after condensation has started. They 

were evaluated at a condenser temperature of 15°C, saturator temperature 

of 35°C, a flow rate through the condenser of 400 ml-min-1, and assuming 
the air is saturated with alcohol vapour (iso-propanol for these calculations) 

at the saturator temperature. The program uses the analytical solution of 
the Graetz problem as described in section 3.3. The eigenvalues ßi were cal- 

culated with Mathematica as described by Mikhailov and Cotta (1997) and 
they agree with the values given by Brown (1960) (only first eigenvalue dif- 

fers on the ninth digit after the decimal point). Here, for the calculations 
the first six eigenvalues were considered. The functions i pi were calculated 

using equation (3.18) for n up to 60 (from n= 50 no considerable difference 

in the calculation results was noticed). The coefficients a= were calculated 
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using equation (3.20) by integrating over r from 0 to 1 in 50 equal steps, 

evaluating the function to integrate at the arithmetic mean of each inter- 

val. The solution was not computed at the boundary, but the values from 

boundary conditions (3.15) and (3.16) were taken instead. Table 4.4 shows 

all quantities with their respective values used by the Perl program. 

Temperature T [° C] 
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Figure 4.15: Calculated temperature profile inside the condenser at 15°C for air of 
a temperature of 35°C saturated with iso-propanol vapour flowing into the con- 
denser at a flow rate of 400 ml-min-1. The air is cooled most efficiently near 
the wall. The vapour pressure has a similar profile (due to similarity of equa- 
tions (3.8) and (3.9)), but is decreasing less rapidly. The air flow is from left to 
right and parallel to the condenser axis. 

Figure 4.15 shows the temperature of the air flowing through the con- 
denser. The temperature is plotted against the two coordinates of the con- 
denser tube: the axial coordinate z and the radial coordinate r. The air tem- 

perature is decreasing from the temperature at the condenser entry to the 

temperature of the condenser wall. The thermal diffusion cools the air more 

rapidly near the wall, so that the saturation ratio rises shortly after the con- 
denser entry (see figure 4.16). Vapour losses close to the condenser wall due 

to diffusion, however, let the saturation ratio drop again. The highest su- 

persaturation is reached downstream on the condenser centre line, where 
temperature drops more rapidly than vapour pressure. Figure 4.17 shows 

a contour plot of the minimum detectable particle diameter inside the con- 
denser calculated from the saturation ratio using equation (3.7). 
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Saturation ratio SR 
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Figure 4.16: Calculated saturation ratio inside the condenser. Near the wall the 
saturation ratio is increasing immediately due to the reduced temperature. The 
maximum, however, is reached along the centre line farther inside the condenser 
tube. The vapour pressure here decreases slowly compared to temperature. The 
air flow is from left to right and parallel to the condenser axis. 
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Figure 4.17: Minimum detectable particle diameter inside the condenser. Only if 
the particles are near the centre line do they all experience the same lower detec- 
tion limit. The air flow is from left to right and parallel to the condenser axis. 
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The growth of the droplets (after condensation is initiated on a particle) 
was calculated by integration over the droplet growth given by its rate in 

equation (3.22), as described in section 3.3. To simplify calculations the tem- 

perature elevation (see equation (3.25)) was not considered. The elevation 
is in the order of only 2K to 4K (Ahn and Liu, 1990) so that its neglect 
will not change the results significantly. The calculations were performed 
in order to get an indicative droplet size to verify the design, so that an 
accurate droplet size was not the primary goal. Figure 4.18 depicts results 
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Figure 4.18: Calculated growth history in CPC condenser. The growth of particles 
to droplets is shown as droplet diameter against the position on the condenser 
axis. Growth histories for initial particle sizes dp of 5 nm, 10 nm, 20 nm, and 
50 nm are shown for iso-propanol. Results of calculations for n-butanol are 
shown for a particle size of 50 nm; the final droplet diameter achieved with n- 
butanol is smaller than that achieved with iso-propanol. The air flow is from left 
to right and parallel to the condenser axis. 

of the calculation as a growth history following particles of different initial 

sizes through the condenser while they grow. The results show that for par- 
ticles with sizes close to the minimum detectable particle diameter the final 
droplet diameter depends on their size as they need to travel further into 
the condenser to experience the necessary supersaturation, whilst for larger 

particles (> 20 nm) the final droplet diameter depends little on the particle 
size. For the calculations the same parameters were used as in the above 
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n-butanol iso-propanol 
To 273.15 K 271.85 K Lide (2002) 

Po 100 Pa 1000 Pa ibid. 
T1 337.15 K 306.75 K ibid. 

Pi 10 000 Pa 10 000 Pa ibid. 
L 55 095.5 J"mo1'1 45 743.5 J"mo1-1 Eq. (3.21) fitted to 

(To, po) and (Ti, pi) 
D, (at 20°C) 8.1.10-6 m2"s-1 9.4.10-6 m2"s'1 Washburn (1929) 

v (at 20°C) 0.024 6 N"m-1 0.0217 N"m-1 Washburn (1928) 
M 74.12 g"mo1-1 60.10 g"mo1-1 Budavari (1996) 

pl 810 kg"m-3 785 kg"m 3 ibid. 

Table 4.4: Values used by the Perl program for CPC modelling calculations. The 
saturation vapour pressure po at the temperature To is used in equation (3.21), pl 
at the temperature Tl is a second literature value for the saturation vapour pres- 
sure. The molar latent vaporization heat L is calculated, so that equation (3.21) 
agrees with both literature values po and pl. 

computations of the minimum detectable particle diameter, in particular a 
condenser temperature of 15°C, a saturator temperature of 35°C, and a flow 

rate through the condenser of 400 ml-min-1. 

Qualitative Tests 

Preliminary qualitative tests with the CPC were performed sampling ambi- 
ent aerosol from laboratory air and using both n-butanol and iso-propanol. 
With both alcohols the indicated particle number concentration increased 

notably with a measured temperature difference between saturator and con- 
denser of N5K. The measured concentration changed at this temperature 
difference quickly from those typically measured with the OPC1 (about 
100 cm 3) to values well above 1000 cm-3 and, increasing the temperature 
difference a few degrees more, to values above 10 000 cm 3. The experi- 
ment showed clearly the capability of the CPC to detect ultrafine particles. 
This was observed at different ambient and condenser temperatures. Cal- 

culations did confirm that the temperature difference required for a certain 
lower detection limit varies very little with absolute condenser temperature 

and the type of alcohol used. 
Blocking the sample inlet under normal operating conditions of the CPC 
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resulted in the count dropping to zero, thus confirming that only particles 
activate condensation of a droplet; there were no false counts. In particular, 
no homogeneous nucleation of the vapour took place. Indeed, homoge- 

neous nucleation was observed only at a much increased temperature dif- 
ference between saturator and condenser of around 30 K. 

A difference in performance of the CPC with each of the two types of 
alcohol was noted only in respect of the final droplet size, which could be 
seen with the particle sizing ability of the OPC. Iso-propanol has a higher 

vapour pressure than n-butanol at the same temperature and, as expected, 
larger droplets were detected with iso-propanol. This finding was again 
confirmed by calculations which showed that the lower detection limit is 
nearly the same for both alcohols and that indeed only the final droplet size 
varied significantly due to the different vapour pressures (see figure 4.18). 

Droplet detection coincidence could be observed at higher number con- 
centrations, especially for high temperature differences between saturator 
and condenser (with the resulting lower minimum detectable particle di- 

ameter) and also for increased sample flow rates. Normally this should not 
increase the coincidence probability, as higher sample flow rate should re- 
sult in faster flow in the sensing volume and hence shorter signals compen- 
sating for the increased flow rate. However, similar pulse widths (not much 
shorter) were observed at increasing flow rates due to bandwidth limita- 
tions of the OPC2. Figure 4.19 shows coincident signals in such a situation, 
at a sample flow rate of approximately 18 ml-min-1, a saturator tempera- 
ture of 38°C and a condenser temperature of 16°C. The pulses had a width 
of 20 ps at 2 V. The relatively long signals caused a higher coincidence prob- 
ability. On different occasions the under-reading due to coincidence was 
estimated from the oscilloscope traces. In one case, for example, the pulse 
width was around 14 ps at half the amplitude (with signals typically of 1 V). 
While one threshold at 0.7 V was triggered 44 times, another threshold of 
the OPC2 at 170 mV was triggered only 37 times due to coincidence (as ob- 
served on the oscilloscope). The ratio of 37 to 44 (0.84) was therefore an 
approximation of the under-reading factor, which with equation (3.34) cor- 
responded to a mean number of droplets in the sensing volume v :: 0.17 
(at sample flow rate of 10 ml-min-1). Given the number concentration (as 

measured with signals counted by the higher threshold) of 60 000 cm-3, a 
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Figure 4.19: Coincident signals detected with the CPC. One horizontal division on 
the oscilloscope was 50 ps, one vertical 1 V. The pulse width at 2V was about 
20 ps. Particle concentration, as estimated from three oscilloscope pictures, was 
around 53 000 cm-3. 

minimum time T of separately counted droplets by the lower threshold was 

approximately 17 bis. On another occasion with signals higher than 2 V, a 
threshold at 2V would have been triggered 171 times from 175 droplets as 
could be observed on the oscilloscope while the number concentration was 
measured as -8 000 cm-3. The resulting under-reading factor of 0.977 cor- 

responded to T ti 9.6 ps (at sample flow rate of 18 ml. min-1). Estimation 

of the under-reading at 100 000 cm-3 in both occasions is - 25% (under- 

reading factor 0.75), which could still be corrected with equation (3.36). The 

gain of the amplifier of the OPC2 could be reduced (as signals are typi- 

cally larger than 1 V), thus reducing signal width and T and, therefore, 

reducing coincidence probabilities. The laser beam of the OPC2 should 
also be optimally focused to further reduce T as much as possible. Conse- 

quently it should be possible to measure number concentrations of at least 

- 200 000 cm-3 with under-reading below - 20%%. 

4.3.4 Improvements 

Besides the potential improvements regarding gain and coincidence level of 
the OPC2, other issues were identified, which are described in this section. 
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The calculations to predict the CPC performance indicated that the con- 
denser length of 64 mm was relatively short. The position identified for 

maximum saturation ratio, and hence minimum detectable particle diam- 

eter, was close to the condenser exit as could be seen in figure 4.17. It is 

therefore desirable to extend the condenser to allow growth of the particles 

of the lowest size necessary for condensation to a detectable droplet size. 
This would be included in the next CPC design changes (see section 4.4.3). 

In the flow design of both the OPC1 and the CPC, the pre-filter func- 

tioned not only as a filter, but also it determined the amount of clean-air 
flow by its pressure-drop-air-flow relationship. In fact, the required pres- 

sure drop, set by the valve (see figure 4.13), for releasing 10 ml-min-1 de- 

termined the clean-air flow rate. Therefore, the valve and filter needed to 

be selected accordingly and the two flows, sample and clean-air flow, could 

not be changed independently. While this arrangement was sufficient for 

testing OPC and CPC prototypes, this matter would need to be improved in 

subsequent design changes. The position of the pre-filter could be changed 

to directly downstream of the pump and before the point where pressure 
determines the 10 ml-min-1 sample flow rate (compare figure 4.13 and fig- 

ure 4.20, which will be introduced in section 4.4). In this way, the flow con- 

trol could be improved so that the clean-air flow did not depend on the 

pre-filter but instead on a newly introduced clean-air flow restriction and 
(to a much lesser extent) on the HEPA filter. 

The heating up of the clean air (caused by the clean air being recycled, 

see section 4.2.4), which could be a disadvantage in the OPC1, might be of 

advantage for the CPC. If the OPC2 is heated by two or three degrees then 

this would reduce or avoid vapour condensation on the optics. Such vapour 

condensation, or a resulting decrease of the response to the droplets, was, 
in fact, never observed. This could be investigated by further tests with the 

OPC2 at different temperatures to find out under what conditions, if any, 
this could become a problem. 

The necessity for airtight sealing created problems on occasions when air 
leaks changed the sample flow rate into the capillary tube. However, care- 
fully sealing the assembly and selecting suitable tubing and joints always 
fixed the problem. As a consequence, to improve the accuracy of the num- 
ber concentration measurements the sample flow rate of the CPC was reg- 
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ularly checked and the measured volumetric flow, if close to the nominal 
flow rate of 10 ml-min-1, was used to calculate the number concentration. 
The same was done for the OPC1 measurements where airtight sealing is 

also important. 

4.4 Prototype Instrument 

After the OPC1 and the CPC were designed, constructed, and tested, they 

were integrated in a complete prototype instrument. The following de- 

scribes the implementation of the instrument design in this prototype. The 

flow arrangement is shown schematically in figure 4.20 and the mechanical 

sections in figures 4.21 and 4.22. 
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Figure 4.20: The flow systems for the main sample flow, the OPC1, and the CPC 
in the complete prototype instrument. The pressure sensors used for controlling 
the sub-sample flow rates of the OPCl and the CPC are placed before capillary- 
tubes restrictions which release the same amount of air as is drawn in from the 
sampling duct. 

4.4.1 1 nlet 

The upper limit of particle size for sampling is determined by a sharp-cut 
cyclone (Kenny and Gussman, 2000) having a steep transmission curve. The 
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Figure 4.21: Section of the prototype instrument. The section shows the OPC1, the 
CPC (including OPC2), the sampling duct, and the gravimetric filter. The sample 
air is introduced through a cyclone on top of the duct. The indicated additional 
section (A-A) of the OPC1 is shown in figure 4.22. 
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Figure 4.22: Mechanical section of the OPC with the new design of fixed photodi- 
ode position (OPC1 shown here). This section (A-A) is indicated in the section 
of the prototype instrument shown in figure 4.21. 
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use of a cyclone defines the upper size-limit as an aerodynamic size (a cy- 
clone is an inertial classifier that uses a cyclonic spiral flow, in which the 
larger and heavier particles deposit to its wall and the smaller penetrate). 
The cyclone is interchangeable and therefore allows different upper limits 

to be used. To allow comparison studies with other instruments applying 
the PM2.5 and PM10 standards, the two size cuts 2.5 pm and 10 pm are used. 
(The sharp-cut cyclone model SCC 1.828 is used for the 2.5 pm, and model 
SCC 3.474 for the 10 pm size cut. ) Both cyclones are from BGI Inc (Waltham 
MA, USA), who designed and manufactured the sharp-cut cyclone with the 
10 pm size cut especially for this prototype instrument so that both cyclones 
have the specified size cuts at the same flow rate of 5 1"miri 1. 

4.4.2 Transport of Sample Air 

The air is sampled through the cyclone and then introduced into a vertical 
duct. At the end of this sampling duct is a filter holder with the filter for 

gravimetric analysis. A pump draws the air through the cyclone, sampling 
duct, and filter at the flow rate of 51"min 1 as specified in section 4.1.3. To be 

able to control the flow a pinhole restriction (shown in figure 4.20) is used 
having a characteristic pressure drop for a given flow rate. A restriction 
with a diameter of 1.6 mm and thickness of 1.0 mm was selected to give 
a pressure drop of around 1 kPa (calculated 1.12 kPa) at the flow rate of 
51"min-1. Such a pressure drop can be easily measured for control of the 
flow (see section 4.4.4). 

Isokinetic Sub-Sampling 

The OPC1 and the CPC sub-sample isokinetically from the centre of the 

sampling duct to avoid sampling losses as explained in section 3.4. Both 

use capillary tubes to sample at the flow rate of 10 ml-min-1 that was used 
also in the first prototypes of OPC1 and CPC. The capillary inlets are both 

aligned along the centre line of the sampling duct and, therefore, along the 

streamlines of the 51"min-1 sample flow. The dimensions of the duct and 
the capillary tubes were selected to meet the condition for isokinetic sam- 
pling given in equation (3.26): the inner diameter of the cylindrical duct was 
chosen to be 25 mm; the inner diameter of the capillary tubes was chosen to 
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be 0.8 mm. The velocity of the sample air in the centre of the duct is then 
0.340 m"s-1 at the flow rate of 51"min 1, which is twice the mean velocity in 

the duct (according to the Hagen-Poisseuille law of fully developed laminar 
flow). The mean velocity in the capillary tubes is 0.332 m"s-1 for the sample 
flow rate of 10 ml-min-1, i. e. approximately the same as the duct flow ve- 
locity. Consequently, the air passing through a surface area equal to the area 
of the capillary inlet at the local flow velocity in the duct centre, amounts to 
the flow rate of 10 ml-min-1 and the conditions for isokinetic sampling are 
met. 

The required diameter of the sampling duct for isokinetic sub-sampling 
is, at 25 mm, larger than the cyclone outlet (inner diameter of 8 mm). There- 
fore, the first part of the duct is tapered to connect the cyclone and the duct. 

The taper of the duct wall is kept at a shallow angle of 7° to avoid flow sepa- 

ration from the wall, as suggested by Baron and Willeke (2001). This should 
maintain laminar flow conditions, or, if flow out of the sharp-cut cyclone 
should not be laminar, allow establishing of fully developed laminar flow 
further downstream where the OPC1 and the CPC sub-sample. 

The capillary tubes used for sampling are placed at the same position 
in the sampling duct, 350 mm downstream from the sharp-cut cyclone 
in the centre of the duct. To guarantee laminar flow conditions at this 

position, the distance was chosen close to that required to fully develop 
laminar flow from the entry of a circular tube, which is approximately 
0.056dRe 390 mm (Baehr and Stephan, 1998), with d= 25 mm being the 
diameter of the duct and Re = 280, the Reynolds number in the duct at the 

sample flow rate of 51"min 1. The capillary tubes are held permanently in 
half-shells which are joined together thus forming part of the duct linking 

the upper section of the duct to the gravimetric filter holder on the lower 

side (see figure 4.21). Each half-shell is then permanently fixed to either the 
OPC1 or the CPC saturator-condenser connector block respectively. The 

OPC1 and the CPC can therefore be removed for testing and servicing as 

complete and still functioning units by disassembling the two half-shells. 

The capillary tubes are bent with a radius of 13.6 mm, similar to the ra- 
dius of the sampling duct, so that they leave the duct horizontally through 

the duct wall. The OPC1 capillary tube is bent 90° and continues outside 
the duct straight for a short distance and ends inside the OPC1 focusing 
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nozzle; its length is 33.7 mm. The CPC capillary tube is bent through 165°, 
its last part is straight too and ends 21.0 mm upstream of the condenser on 
the centre line of the saturator-condenser connector. The length of this tube 
is 49.7 mm. The condenser is nearly vertical, the inclination of 15° allows the 

condenser to be placed relatively close to the duct, so that the capillary tube 

could be kept as short as possible thus minimizing diffusion losses of par- 
ticles (see section 3.4). The length of 49.7 mm (together with the sample flow 

rate of 10 ml-min-1) results, according to equation (3.30), in 50% diffusion 
losses ('7T = 0.5) for particles with a diameter of 6 nm, at 10 nm the losses 

are only 28% (17T = 0.72). In the OPC1 capillary tube diffusion losses are 
not relevant because of the lower detection limit of 250 nm (liT = 0.995 for 
dp = 250 nm at capillary length of 33.7 mm), whereas sampling losses due 

to inertial deposition in the bend of the capillary tube need to be considered. 
Losses due to this mechanism amount, according to equation (3.31), to 50% 
(qT = 0.5) at a particle diameter of 12 pm, a particle density of 1500 kg"m-3, 

a sample flow rate of 10 ml-min-1, and a capillary diameter of 0.8 mm. At a 
particle diameter of 10 pm the losses are 38% (lT = 0.62), and at a diameter 

of 2.5 pm only 3% (liT = 0.97). These losses were considered to be acceptable 
since the required lower detection limit is 10 nm (given by the limit of the 
CPC) and the required upper size limit is 10 pm or 2.5 pm (given by the limit 

of the OPC1 and the size cut of the PM10 or PM2.5 cyclone respectively). 

OPC1 and CPC Flow Systems 

Sub-sampling for the OPC1 and CPC modules requires additional pumps. 
The method that is used to draw the small sample flow rate of 10 ml-min-1 
through the capillary tubes is the same as that explained in sections 4.2.1 

and 4.3.1. The flow arrangement of both the OPC1 and the CPC, however, 
has been changed to allow a better control of the sample air flow. The ad- 
justable valve (see figures 4.5 and 4.13) has been replaced by a capillary 

restriction, as depicted in figure 4.20, which was selected to create a pres- 
sure drop of around 1 kPa, a value that can conveniently be controlled (see 

section 4.4.4). A capillary tube with inner diameter of 0.32 mm and length 

of 80 mm was chosen, giving this pressure drop at the sample flow rate of 
10 ml"min-1. 

In the instrument prototype, similar flow rates were to be used for the 
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OPC1 (sheath and bleed air) and the CPC (saturator and bleed air) due to 

the similarity of the respective flow designs. In the previous design of the 
flow arrangement, these flow rates were determined and maintained con- 
stant using the pre-filter (see figures 4.5 and 4.13) and making use of its 

characteristic pressure drop. It is, however, not ideal for a monitoring in- 

strument, or extended tests with a prototype instrument, to depend on filter 

characteristics, which may vary over time. 
Therefore, in the new design of the OPC1 and CPC flow systems, the pre- 

filter has been placed directly at the pump outlet and is not involved in the 
flow control. Instead, a further restriction, shown as clean-air flow restric- 
tion in figure 4.20, is now used to fix the clean-air flow (sheath and bleed 

air together in the case of the OPC1; flow through saturator and bleed air in 

the case of the CPC). The pressure drop over the clean-air flow restriction is 

similar to that over the capillary restriction. Thus controlling the pressure 
drop over the capillary restriction would also maintain a constant clean-air 
flow rate. The pressure drop over the clean-air flow restriction, however, 

differs slightly from that over the capillary restriction. The side of the cap- 
illary restriction which is not connected to the clean-air flow restriction is 

at ambient pressure, whereas the other side of the clean-air restriction at a 

pressure close to ambient due to low pressure drops over the HEPA filter 

(measured as - 0.1 kPa) and the sampling capillary tube (calculated to be 

15 Pa). As a consequence of this configuration, the clean-air flow rate may 
decrease slightly if the pressure drop over the HEPA increases due to the 
filter gradually blocking over time. This will, however, affect the flow rate 

only after a very long sampling time due to the low rate of contamination 

given by the low sample flow rate of 10 ml-min-1. 
The clean-air flow restriction was chosen to be a short capillary with an 

inner diameter of 0.8 mm and a length of 15 mm. These dimensions would 

give a flow of around 0.8 1-min-1 at a pressure drop of 0.985 kPa (1 kPa 

reduced by typical pressure drops over the HEPA filter and the sampling 

capillary tube mentioned above). This would then allow a sheath-air flow 

rate or flow rate through the saturator of about (0.3 to 0.4) 1-min-1 and a 

similar bleed-air flow rate, as required. 
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4.4.3 OPC1 and CPC 

Besides the changes to the flow design outlined above, other design de- 

tails were adapted while integrating the OPC1 and the CPC (including the 
OPC2) into the prototype instrument, as explained below. 

Mechanical Design 

The OPC1 and the OPC2 used a fixed photodiode position as mentioned in 

section 4.2.4, which reduced the number of degrees of freedom simplifying 
alignment (see section B. 2). A mechanical section of the OPC1 shows this 
design in figure 4.22. The mechanical design of the scattering chamber was 
also changed slightly to allow better airtight sealing (adding grooves and 
chamfers for silicone-rubber sealing) and the possibility of mounting the 
OPC either directly on the sampling duct (as OPC1) or connecting it to the 
CPC condenser (as OPC2). 

The cylindrical lens inside the laser module holder was tilted by 5° to 

avoid problems with laser light reflected at the flat surface of the lens be- 
ing returned into the diode laser. This reflected light could disturb the laser 

power control if it falls on the laser power monitoring photodiode (called 

monitordiode) positioned behind the laser diode. This was observed when 
both OPC modules for the prototype instrument were mounted and first 

tested, and it resulted in decreased laser current (by N 10% to 20%) and out- 
put power (by up to 50% as measured with a laser power meter) when the 
OPC was properly aligned. While this problem exists with the first OPC 
design as well, it was not observed when testing the first OPC prototype, 
probably because of the higher number of degrees of freedom causing in- 

advertent misalignment of lens and laser (while still correctly imaging the 

sensing volume on the photodiode). 
The CPC saturator volume was chosen to ensure complete saturation of 

the vapour at the temperature of the saturator; at 84 cm3, it was slightly 
larger than that of the first CPC prototype (see page 56). The saturator is 
heated using heating resistors which are screwed to the metal block sup- 
porting the saturator and housing the saturator-condenser connector (see 

mechanical section in figure 4.21). In this way the heated block heats sat- 

urator and saturator-condenser connector, while the block is thermally in- 
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sulated from the half shell holding the CPC capillary tube (and hence from 

the sampling duct) using a thin sheet of polystyrene foam. The length of 
the condenser was extended to 84 mm (previously 64 mm) to improve the 
detection limit as explained in section 4.3.4. The condenser is again cooled 

using two Peltier elements between the condenser and a heat sink with ver- 
tical fins. A heat sink with cooling fan was selected to improve the heat 

dissipation further. 

OPC Amplifier and Peak Detector 

The gain of the OPC1 amplifier (given by the feedback resistor) was chosen 

similar to the gain used with the first OPC prototype as that gain was suffi- 

ciently high and the resulting magnitude of the amplifier output signal was 
linear with the light power of the particle scatter (see section 4.2.4). Due to 

the limited bandwidth of the amplifier with this gain, the laser was slightly 
defocused to make the signals longer, as with the first OPC prototype (see 

section 4.2.3). 
The gain of the OPC2 amplifier, however, was not required to be as high 

due to the large signal amplitudes resulting from the alcohol droplets. It 

was, therefore, reduced to increase the bandwidth of the amplifier. As sug- 

gested in section 4.3.3, this reduced the pulse width of the signals, and 

reduced the coincidence error. The laser was then focused to achieve the 

shortest signals possible. 
The peak detector used for the OPC1 and the OPC2 in the prototype in- 

strument was the same as that used for the first OPC and CPC prototypes, 

and the circuit diagram is shown in figure A. 3. The additional gain of the 

peak detector could be used after calibration of the sizing capabilities of the 
OPC to scale the output signals to match the operating range of the com- 

parators on the circuit which implement the thresholds as was carried out 
in case of the first OPC1 (see section 4.2.3). 

4.4.4 Microprocessor Control 

A microprocessor is used to control the sample flows, control the CPC tem- 

peratures, record the measured data, and manage data storage. This is de- 

scribed in the following two sections. The data paths of the microprocessor 
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control are shown in figure 4.23. 

Flow and Temperature Control 

The flow system used to adjust sample-air and clean-air flows of the OPC1 

and the CPC was explained in section 4.4.2. These flows are maintained 

stable by controlling the pressure drops over the capillary restrictions of the 
OPC1 and the CPC respectively (see figure 4.20). In each system (OPC1 and 
CPC) this pressure drop is measured with a pressure sensor (PCM0020, Sen- 

sortechnics) having an operational range of (0 to 20.7) mbar ((0 to 2.07) kPa) 

relative to ambient pressure (see figure 4.20). The output signal of the pres- 

sure sensor, an analogue voltage proportional to the pressure, is converted 
in an A/D-converter and then processed by the microprocessor (see fig- 

ure 4.23). The microprocessor controls the pressure using the measured 

value in proportional and integral feedback to regulate the power supplied 
to the respective pump. The coefficients for the proportional and integral 

feedback are set separately for the OPC1 and the CPC. A third pressure sen- 

sor is used to maintain constant the sample flow rate of 51"min-1 through 

the duct via the pressure drop across the pinhole restriction (shown in fig- 

ure 4.20). The signal from the pressure sensor is converted with the A/D- 

converter and then used to control the flow by regulating the power sup- 

plied to the pump, just as for the OPC1 and CPC sample flows. 

The temperatures of the saturator and condenser of the CPC are measured 
by integrated-circuit temperature sensors (LM335A, National Semiconduc- 

tor), with an analogue voltage output proportional to absolute temperature 

at 100 K"V-1. The output signal is again converted with the A/D-converter 

and the digital signal read by the microprocessor. The control of tempera- 

ture uses proportional and integral feedback, as in the case of flow control. 
Here the driving currents for the heating resistors and the Peltier elements 
are pulse-width modulated to regulate heating and cooling power respec- 
tively; the heater current is modulated at a frequency of 1 kHz and the cooler 
current at 10 kHz. 
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Figure 4.23: Data paths of microprocessor control used for the prototype instru- 
ment. 
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Data Handling 

Data Acquisition The number concentrations in the four size fractions of 
the OPC1 and the number concentration of the CPC are delivered to the 

microprocessor as trigger signals from the respective peak detectors. The 

signals trigger internal counters of the microprocessor, the resulting raw 
data from the counter consist of numbers of particles divided by time. Four 

of these particle count rates correspond to the concentrations of particles 
larger than the respective threshold levels set on the peak detector of the 
OPC1, the fifth count rate corresponds to the total particle concentration of 
the CPC. The four count rates of the OPC1 are converted in the count rates 
corresponding to the number concentrations in the size fractions defined 
by the peak detector threshold. This is done by subtracting from the count 
rate corresponding to a given threshold (defining the lower limit of the size 
fraction in consideration) the count rate corresponding to the next higher 
threshold (defining the upper limit of the size fraction in consideration). 
The first three count rates are converted in this way, the fourth, correspond- 
ing to the concentration of particles larger than 2.5 pm does not need to be 

converted as it already has an upper size limit given by the PM10 sampling 
inlet. For data storage these count rates are not further converted to particle 
concentrations, such conversion would be performed on a computer using 
the measured volumetric sample flow rates of the OPC1 and the CPC re- 
spectively. Only for the purpose of data display on the instrument does the 

microprocessor convert the count rates (given in s'1) to number concentra- 
tions (given in cm 3) using the nominal sample flow rate of 10 ml-min-1. 

User Interface A user interface for the microprocessor is provided using a 
keypad with seven buttons and an LCD display. The LCD display is used 
to show the measured data as graphs or numbers which are updated ev- 
ery second using rolling averages or displaying the data every second as 
measured. Also the saturator and condenser temperatures, the sample flow 

rate through the duct, and the OPC1 and CPC sample flow rates can be 
displayed as they are measured as feedback for the control. The micropro- 
cessor control is configured using also the LCD display and the keypad. The 

user can navigate through several user menus to calibrate temperature and 
pressure sensors, configure temperature and flow controls, set rolling aver- 

80 



4.4 Prototype Instrument 

age for display of data, set time scales for graph display, configure the data 

logger (see below), and set time and date for the data logger. 

Data Logger An on-board data logger is realized using a memory chip 
with 500 kByte capacity. Data storage using this memory is managed by the 

microprocessor. The data logger can be configured to store the saturator and 
condenser temperatures, the sample flow rate through the duct, the OPC1 

and CPC sample flow rates, the four OPC1 count rates (corresponding to 
the particle concentrations in the OPC1 size fractions), and the CPC count 

rate. Any of these can be separately enabled or disabled for data logging 

and logging intervals can be specified separately as 1s or any multiple of 
1s such as for example 15 s, 1 min, and 1 h. Every quantity is stored using its 

own logging interval, the values stored are averages of the logging interval. 
The data logger is started and stopped using the user interface or with a 

computer via an RS232 interface (see below) which is also used to download 

stored data to a computer. 

Interface to Computer The microprocessor can communicate with a com- 

puter using an RS232 interface. Besides the data download from the in- 

strument to a computer for further analysis, the interface to a computer can 
also be used for operation of the instrument from the computer. It is also 
possible to use the interface in conjunction with a GSM modem connected 
to the instrument and a computer with modem for remote operation of the 
instrument (anywhere in a field study). 

The data logger together with the low alcohol consumption of the CPC 

allows unattended operation for at least one week, but also several weeks 
is possible if appropriate logging intervals are chosen, as for example every 
5 min for number concentrations of the OPC1 size fractions and every 1 min 
for the total number concentration of the CPC. 
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Two identical prototype instruments were produced according to the design 
described in section 4.4. This chapter describes tests performed with both 

instruments. Section 5.1 describes calibration and laboratory tests carried 
out to confirm the performance. A test with high ultrafine number concen- 
trations is shown in section 5.2 to illustrate the effect of coincidence and the 

possibility of corrections. Side-by-side comparisons of the two prototype 
instruments are reported in section 5.5, while comparison with traditional 
instruments in a field trial is described in section 5.3. Results from this field 

trial were used to test number-to-mass conversion algorithms, which are 
discussed in section 5.4. Section 5.6 summarizes the results of all perfor- 
mance tests. 

To avoid confusion later, the two prototype instruments are called Ambi- 
CountA and AmbiCountB. The subscript 'A' or 'B' is now added to OPC1, 
OPC2, and CPC to specify which instrument they belong to. Hence: 
OPC1A, OPC2A, and CPCA belong to AmbiCountA, while 
OPC1B, OPC2B, and CPCB belong to AmbiCountB. 

5.1 Calibration and Validation in the Laboratory 

5.1.1 Flow Visualization and Laser Alignment 

As during the verification of the laminar flow conditions in the first OPC 

prototype (see section 4.2.3), flow visualization was used again. With smoke 
introduced in the sheath air, it was found that contamination of the OPC1A 

and OPC1B scattering chambers with smoke can be mostly avoided if the 
bleed-air flow rate is high enough, and the optimum configuration seemed 
to be at a bleed-air flow rate similar to the sheath-air flow rate. The valve 
adjusting the ratio between these two flows was therefore adjusted accord- 
ingly to set both flow rates to approximately the same value. OPC2A and 
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OPC2B showed the same results-bleed-air flow comparable to the sheath- 
air flow (in this case the flow through the saturator) guaranteed largely con- 
tamination free operation. 

The diameter of the sample-air column was determined by observing the 

sensing volume, visualized by smoke in the sample air, with a travelling 

microscope. The diameters in OPC1A and OPC1B were 0.19 mm ±0.01 mm 
and 0.17 mm ±0.01 mm respectively. Repeated measurements with the mi- 
crometer of the travelling microscope indicated a typical measurement er- 
ror of 0.01 mm, which corresponds to one division of the micrometer, and 
therefore this value is stated here in case a smaller value resulted from the 

calculated standard deviation of the repeated measurements. 
OPC2A and OPC2B had similar dimensions for the sample-air columns, 

which were 0.16 mm ±0.01 mm and 0.14 mm ±0.02 mm respectively. This 
indicates clearly that the sample introduced into the centre of the saturator- 
condenser connector does not mix with the surrounding air coming from 

the saturator which acts as sheath throughout the condenser and the OPC2. 
This has the advantage of producing a sharper lower size cut as all particles 
experience the same lowest detection limit corresponding to the maximum 
supersaturation encountered on the centre line of the condenser (see sec- 
tion 4.3.1 and figure 4.16). 

Flow visualization was also used to optically align the lasers and mirrors 
of all four OPCs to ensure accurate passage of the sample-air flow through 
the laser beam (defining the sensing volume) and correct imaging of the 

sensing volume to the photodiode. The procedure described in section B. 2 

was followed. The lasers of OPC2A and OPC2B were focused tightly, mini- 
mizing the sensing volume to reduce the pulse width of the scattering sig- 
nals and reducing the probability of coincidence (see section 4.4.3). These 
foci, measured using the vertical displacement of the travelling microscope 
(one vernier division corresponding to 0.01 mm), could be estimated to be 
0.02 mm ±0.01 mm and 0.03 mm ±0.01 mm respectively. The resulting sig- 
nals in OPC2A and OPC2B were found to have a typical pulse width (at 
half amplitude) of N 2.5 Vs which was well below pulse widths and shortest 
times r between two separately detectable signals observed in case of the 
first CPC prototype (see section 4.3.3). 

The laser foci of the OPCs (OPC1A and OPC1B) were slightly defocused 
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to make the signal longer accounting for the limited bandwidth of the OPC 

amplifier (see section 4.4.3). The laser beam depths in the sensing volume 

were measured to be 0.09 mm ±0.01 mm and 0.08 mm ±0.01 mm respec- 
tively. 

5.1.2 OPC Calibration 

Before the calibration of the sizing capabilities of all four OPCs, it was nec- 

essary to adjust the gains of the transimpedance amplifiers (see figure A. 2) 

to ensure the linearity of the amplifier outputs to light scattering. The gain 

of the two OPC1s was set using a feedback resistor of 6.6 MCI (the value 

needed to be smaller than that used for the first OPC prototype). The gain 
of the two OPC2s was set using a feedback resistor of only 1 Mn to guaran- 
tee short pulse widths and reduce the probability of coincidence error (see 

section 4.4.3). The choice of these feedback values was based on prelimi- 

nary tests with the four OPCs using 1.053 pm PSL spheres and observing 
the scattering signals (height and pulse width) at different amplifier gains. 

The two OPC1s were calibrated using PSL spheres with the following 

sizes: 0.356 pm, 0.548 pm, 1.053 pm, and 2.134 pm. Although the sizing 
capabilities of the two OPC2s, functioning only as detector for the alco- 
hol droplets, were not to be used, they were calibrated as well. Due to 
their reduced sensitivity (as compared to the two OPC1s), not all sizes of 
PSL spheres could be used, so that OPC2A was calibrated with 0.548 pm, 
1.053 pm, and 2.134 pm spheres. OPC2B was calibrated only with 1.053 pm 
spheres, sufficient to provide an indication of its sizing capabilities. 

The PSL spheres for the calibration were generated from suspension 
in water with a nebulizer (TSI TRI-JET Aerosol Generator), which subse- 
quently also dries the test particles in a diffusion dryer. For a low concen- 
tration of monodisperse PSL in the suspension this resulted in single mono- 
disperse PSL spheres. The generated particles were collected in a ballast 

container (- 20 1) from which the sample was drawn (see figure 4.9). 
For every size of PSL spheres, 100 scattering signals from the spheres 

passing the sensing volume were recorded for the two particle counting 
OPCs and the two droplet counting OPCs (if the size was used for cali- 
bration). The average and standard deviation of the amplitudes were then 
determined. Subsequently, for each OPC the obtained set of responses to 
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the tested PSL spheres (average amplitudes corresponding to the sizes of 
the PSL spheres used) was compared to the calculated response, which was 
scaled to best fit the data. 

This calibration of the two OPCls for sizing PSL spheres needed to be 

corrected for average ambient air particles, which were found to scatter less 
light than PSL spheres of the same size due to their different optical proper- 
ties (for example Hering and McMurry, 1991; Hand et al., 2002). Stolzenburg 

et al. (1998) sampled monodisperse ambient aerosol with a DMA, which 
was subsequently used to calibrate an OPC. This direct ambient calibra- 
tion showed that the response of ambient aerosol and that of dioctyl seba- 
cate (DOS) droplets were very similar. The refractive index of DOS (m = 
1.45) was therefore used here to approximate average response to ambient 
aerosol. The calculated response for m=1.45 was scaled with the best-fit 

scaling factor found for the PSL calibration yielding the response of the OPC 

to ambient aerosol. This ambient response curve was used to determine the 

signal thresholds to achieve the required size cuts. Figures 5.1 and 5.2 show 

results from calibration of OPC1A and OPC1B respectively. 
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Figure 5.1: Measured response of OPC1A to PSL spheres (21 February 2002). The 
calculated theoretical response was scaled to best fit the measured data. 

For the OPC2s the response to PSL is compared to the calculated response 
to iso-propanol droplets (refractive index m=1.38, Budavari, 1996), so that 
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Figure 5.2: Measured response of OPC1B to PSL spheres (21 February 2002). The 
calculated theoretical response was scaled to best fit the measured data. 

sizing of the droplets would be possible. Results of calibration of OPC2A, 

depicted in figure 5.3 show that a 10 pm droplet would correspond to a re- 
sponse of N1V. Subsequently this CPC showed typical signal amplitudes 

of 2V indicating that droplets are growing bigger than 10 }pm. Figure 5.4 

shows calibration results of OPC2B. Because of the higher response as com- 
pared to OPC2A, the gain of the peak detector electronics was reduced later. 

5.1.3 Noise Reduction 

The electronic noise present in the signals of the peak detectors (as used for 

threshold discrimination of signal amplitudes) was higher for the four OPCs 

of the two prototype instruments as compared to the first OPC prototype. 
It was found that the main part of the noise originated from the switch- 
ing of heater and cooler currents for the control of saturator and condenser 
temperatures respectively. Noise spikes at the frequency of the switching 
currents were observed reaching amplitudes of around 50 mV. The opera- 
tion of the three pumps (using mains supply) was identified as source of 
noise as well. This noise could be reduced by electrically isolating the four 
OPCs from other metal parts of the instrument prototype and directly earth- 
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ing them. The noise from the switching currents was not reduced with this 

measure, instead the time to switch the heater and cooler currents needed 
to be increased to reduce this part of the noise. 

With the reduced noise the following threshold levels could be set for 

OPC1A: 29.9 mV for size cut at 360 nm; 84.1 mV for size cut at 500 nm; 
359 mV for size cut at 1.0 pm, - 1.43 V for size cut at 2.5 pm. For OPC1B the 

set thresholds were: 19.2 mV for size cut at 360 nm; 53.9 mV for size cut at 
500 nm; 230 mV for size cut at 1.0 pm; 884 mV for size cut at 2.5 pm. The 

achieved lowest detection limit of the OPC1s was, at 360 nm, considerably 
higher than the 250 nm achieved for the first OPC prototype. This was for 

three reasons: firstly, the size cuts are here defined using the refractive index 

m=1.45 approximating average ambient aerosol properties which results 
in a lower response curve compared to the response curve for PSL spheres; 
secondly, the noise is still higher and a threshold level of about 14 mV, as 
was used for the first OPC prototype, was not achievable here; thirdly, the 
amplifier gain using a feedback resistor of 6.6 MCI as compared to 9.4 MO, 

was lower than before. Also differences in the optical laser alignment and 
the laser output power might account for the higher response seen in case of 
the first OPC prototype (response higher even when considering different 

gain and different refractive index); this is suggested by differences between 
OPC1A and OPC1B response as well. While OPC1A could use a lower detec- 
tion limit below 360 nm, this level was set so that both OPC1s would have 

the same characteristics making them comparable and interchangeable. The 
lower detection limit of 360 nm was accepted and it was not attempted to 

reduce it, as it was more important at this stage to calibrate the CPCs (see 

next section) and then to test the two prototype instruments. 

5.1.4 CPC Calibration 

The CPCs of the two prototype instruments were tested in the laboratory 

of netcen (operating division of AEA Technology, Abingdon, UK) by com- 
parison with a TSI (St. Paul MN, USA) CPC model 3010, a well recognized 
condensation particle counter with a lower detection limit of 10 nm. The 

set-up of this calibration process is shown in figure 5.5. Both sodium chlo- 
ride nanoparticles and background ambient aerosol sampled from inside 
the laboratory were used in the calibration process. The particles were 
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Figure 5.5: Schematic of set-up used for CPC calibration. 

passed through a DMA (TSI model 3071) to select a particle size. The re- 
sulting monodisperse aerosol was then either passed directly to the sam- 
pling instruments or first passed through a diluting system in which the 

concentration of the test aerosol could be varied. To make up the necessary 
flow rate for the new instrument and the TSI CPC, further clean air was 
introduced through a HEPA filter and mixed with the test aerosol. Com- 

parison was made by sampling for three minutes at fixed particle size and 
concentration. The experiment was repeated at different conditions: first 

with polydisperse aerosol at higher and lower particle concentrations by 

using the diluter; then, without dilution, at different particle sizes by using 
the DMA. Figures 5.6 and 5.7 show the results with polydisperse aerosol as 
a scatter plot comparing the readings of the two instruments for the various 
test concentrations. Results for monodisperse sodium chloride particles 
are depicted in figure 5.8; the particle size was varied between the mea- 
surements in the range 20 nm to 200 nm. Results for monodisperse and 
polydisperse sodium chloride particles as well as polydisperse background 

aerosol show good linearity. The two measurements at number concentra- 
tions above 10 000 cm'3 (included in figure 5.7) exceed the upper concen- 
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Figure 5.6: Comparison of number concentration measured by the new instru- 
ment CPCB against number concentration measured by the TSI CPC, for poly- 
disperse NaCl and background ambient particles. The correlation coefficient for 
the shown measurements is r2 = 0.992 (slope = 1.00, intercept = -1.35 cm-3). 
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tration limit of the TSI CPC of 10 000 cm'3. The corresponding two values 
of the TSI CPC are therefore only indicative. The correlation coefficient r2 
for all data shown in the two figures 5.6 and 5.8 is r2 = 0.993. 
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Figure 5.8: Comparison of number concentration measured by the new instrument 
CPCB against number concentration measured by the TSI CPC, for monodisperse 
NaCl particles. The correlation coefficient for the shown measurements is r2 = 
0.998 (slope = 1.04, intercept = -0.56 cm 3). 

Figure 5.9 shows the counting efficiency of the instrument's CPC com- 
pared with the TSI CPC as a function of particle size for the same measure- 
ments with sodium chloride as shown in figure 5.8. The efficiency is close 
to 1 in the whole size range of the measurements, 20 nm to 200 nm, which 
shows that the linearity of the CPC does not change significantly with par- 
ticle size in this range; this was expected as both CPCs have the same lower 
detection limit of 10 nm. The counting efficiency varies between 0.85 and 
1.09 with efficiencies >1 for particles of 40 nm size or larger. 

Several tests were performed at decreased temperature difference be- 

tween the CPC saturator and condenser, results of which are presented in 

figure 5.10. While for all other tests this difference was 20 K with the satu- 

rator temperature at 35°C, it was decreased in these tests to 4.5 K, very close 
to the point where the CPC starts functioning. At a difference of around 4K 

or less the CPC operates simply like an OPC, measuring the low number 

91 



5 Instrument Performance 

1.2 

0 T 

O 
(') 1 U 
o. 
U 

0.8 
co U 

0. 
U 

0.6 

0.4 
rn 

8 0.2 
0 
a 
0 

0 

---- --- --- -- -------------------------------------- 

Efficiency 1 -------- 
0 50 100 150 200 

Particle diameter [nm] 

Figure 5.9: Counting efficiency of CPCB for monodisperse NaCl particles. The effi- 
ciency is compared to TSI CPC model 3010. 

concentrations typical for an OPC. At differences of 4.5 K, 5 K, and 10 K 

several measurements were performed at different sizes of monodisperse 
sodium chloride. Only at 4.5 K one can clearly see an increased lower detec- 

tion limit due to the decreased temperature difference. This measurement 
was repeated on the next day, differences in the two measurements show 
how sensitive the CPC is to small changes in operating conditions, prob- 

ably due to ambient temperature differences in the laboratory for the two 

measurements. 
Although both prototype instruments were tested at netcen, the results 

presented here are from one only (AmbiCountB), the other instrument suf- 
fered from continuously decreasing number concentration during the one 

week test period compared to the first and the TSI CPC. The failure was later 

found to be a leaking filter (the CPC pre-filter, see figure 4.20). The pre-filter 

was exchanged on the CPC in both instruments, as the material of the fil- 

ter housing (polycarbonate) is not resistent to iso-propanol. Kynar-housing 

filters are now used instead, which have similar filtering specifications. 
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Figure 5.10: Counting efficiency of CPCB for monodisperse NaCl particles at de- 
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5.2 Coincidence Corrections 

Immediately after the CPC calibration, the prototype instrument was tested 

with high ultrafine number concentrations to illustrate the effect of coinci- 
dence on the instrument performance and the possibility of coincidence cor- 
rections. Cooking on a gas cooker generates high number concentrations of 
ultrafine particles (Li et al., 1993; Dennekamp et al., 2001). The kitchen is 
therefore a well suited place for testing the instrument with high number 
concentrations prone to higher coincidence losses. 

In this experiment, AmbiCountB was used to sample aerosol in a kitchen 
during cooking with a gas cooker (hobs and oven). Figure 5.11 shows the 

number concentrations measured during the experiment. The sample flow 

rate was measured before the experiment as q=9 ml-min-1, the CPC signal 
had on average an amplitude of 2.25 V and a width of 5.1 ps at the level 

of the threshold used in the CPC, which at 113 mV was relatively low (not 
ideal as it enhances coincidence, but suited to demonstrate high coincidence 
errors). The minimum time difference T can therefore be estimated with 
5.1 ps or a slightly higher value (width at threshold level). The corrected 
number concentration for the size fraction 10 nm to 360 nm was calculated 
with equation (3.36) using T=5.1 ps. 

The results of the experiment show that the measured ultrafine number 
concentration reaches a maximum at 436 900 cm-3, which corresponds to 
the maximum count rate currently implemented on the microprocessor of 
65.535 kHz. It seems that without this limit, the measured concentration 

would have been higher during certain periods, where now the maximum 
is reached. Without this technical limit, the indicated number concentration 
would eventually be limited by coincidence to the value e-'/qT, the maxi- 
mum of ni at v=1. From the fact that this limit was not reached within the 
technical limits (e-'/qt > 436 900 cm-3), it follows that the effective sensing 
volume qr is smaller than e-1(436 900 cm 3) -1 = 8.4.10-13 m3 and, there- 
fore, T<5.6 ps. This result agrees well with the estimated T ý- 5.1 ps, which 
corresponds to v=0.62 at np = 814 980 cm-3 resulting in under-reading by 

a factor of 0.54 which yields the measured maximum of ni = 436 900 cm-3. 
The approximation of the true number concentration np by equation (3.36), 
however, gives a value of 772 240 cm-3 at ni = 436 900 CM-3 (see figure 5.11) 
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Figure 5.11: Sampling aerosols during cooking revealed high ultrafine number con- 
centrations. The number concentration in the size fraction 10 nm to 360 nm suf- 
fered consequently from elevated coincidence losses and was corrected. The 
peak in number concentration observed simultaneously in all size fractions (just 
before 19: 20) resulted from a match used to light the oven, whereas a hob lit 
around 5 min before with a lighter increased only the ultrafine number concen- 
tration. 
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showing the limitation of equation (3.36) when v is too close to one. 
If, however, equation (3.36) is used for v<0.5 then np is underestimated 

by only 2% or less. This is, therefore, a method of correcting the ultrafine 
number concentration for coincidence losses, which would readily take the 

upper concentration limit of the instrument to over 500 000 cm-3. In the fol- 
lowing, however, the method was not used as number concentrations en- 
countered were normally below 100 000 cm-3 so that coincidence correction 
was not necessary. 

5.3 Comparison with Traditional Instruments 

The new AmbiCount instruments were field tested under real ambient con- 
ditions and compared with instruments that are routinely used for ambient 
monitoring. The field tests were conducted at the monitoring station Birm- 
ingham Centre (part of the automatic network run by the UK Government's 
Department for Environment, Food & Rural Affairs, see figure 5.12). This 

site was selected because of its location in a busy city centre and the real- 
time instrumentation employed at the site. The instrument was collocated 
with a TSI CPC model 3022A and a TEOM measuring PM10. The former 

was used for comparing of total number concentrations whereas the latter 

allowed comparison between the temporal trends of the total mass concen- 
tration and the five different number concentrations measured by the new 
instrument, as well as direct comparison of PMIO mass concentration calcu- 
lated from the number concentrations with measured values. The sampling 
duct, which has an inner diameter of 25 mm, was extended with a straight 
metal tube of 1.35 m length, so that the sample could be taken outside the 

measurement cabin from a similar position as the inlets for TEOM and TSI 
CPC. 

The duration of the complete trials was from 30 April to 10 September 
2002. In order to demonstrate the performance of the instrument in the field, 

results are presented for one week, 27 June to 5 July. Starting with this week, 
one of the two prototype instrument (AmbiCountB) was used continuously 
at the monitoring site and showed sustained performance and reliable op- 
eration. The instrument was never stopped during this period and data 
logging was interrupted only for around 30 min once every week for down- 
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loading data to a computer and refilling the CPC with alcohol. The per- 
formance characteristics of the instrument during the week presented here 

were typical of the other periods of the trial as well. In the period before 27 
June, problems with the printed circuit board containing the microprocessor 
led to a malfunctioning and loss of data during parts of that period, affecting 
subsequently both AmbiCountB and AmbiCountA. The failure was caused 
by loosened contact pins resulting from board flexure under the weight of 
a transformer mounted on the board. The problem was fixed by changes 
to the printed circuit board (transformer taken off the board and supported 
independently) in both prototype instruments. 

The linearity between the responses of the new instrument CPC and the 
TSI CPC at normal ambient concentrations is demonstrated in figure 5.13. 

The total number concentration measured by the CPC of AmbiCountB is 

plotted in this figure against the values obtained with the TSI CPC. The in- 

strument's results correlated well (correlation coefficient r2 = 0.96) for all 

concentrations encountered at this site. However, CPCB consistently read 

approximately 40% higher than the TSI CPC. A possible cause is believed 

to be the different lower detection limits of the TSI CPC 3022A with 50% de- 

tection efficiency at 7 nm (Sem, 2002) and CPCB. The lower detection limit 

of the latter was not yet defined through calibration, as necessary test equip- 

ment was not available. The calculated lower limit for the operating condi- 
tions is X 4.2 nm whereas diffusion losses indicate 50% penetration at 6 nm. 
The lower detection limit of the AmbiCount CPCs is, therefore, believed to 
be around 6 nm. Differences in the true lower detection limits will result in 

different number concentrations. Harrison et al. (1999a), for example, com- 

pared measurements with the TSI CPCs model 3022A and model 3025 with 

respective lower limits of 7 nm and 3 nm; they found that the model 3022A 

reported on average a number concentration of about 10% lower than that of 
the model 3025. They also observed that this difference increased markedly 
during sunny periods and suggested that particle formation by photochem- 
istry would lead to a substantial increase of number concentration in the size 

range between the lower limits of the two CPCs. While for the comparison 

of the new instrument with the TSI CPC model 3022A there were no sun- 

shine data available at the monitoring site, the average diurnal variations 

of the ratio between the total number concentration of these two instru- 
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Figure 5.12: The photograph in the left shows the measurement cabin at the moni- 
toring site Birmingham Centre. On the right the sampling inlets are shown in an 
enlargement, the PMTO cyclone of AmbiCount and the inlets of TEOM and TSI 
CPC 3022A are indicated. 
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Figure 5.13: Comparison of number concentration measured by CPCB against num- 
ber concentration measured by TSI CPC model 3022A at the monitoring site 
Birmingham Centre (UK), showing the linearity of its response. Hourly aver- 
ages are shown for the week 27 June to 5 July 2002. 
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ments was studied here instead, as shown in figure 5.14. Despite the large 
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Figure 5.14: Diurnal variation of the ratio of the total number concentrations mea- 
sured by AmbiCountB and the TSI CPC. Hourly data between 27 June and 26 
July 2002 were used to calculate the average diurnal data. 

variations-the error bars show the standard deviation-there is clearly a 
dependence with the highest ratios between 10: 00 and 12: 00 (times in GMT), 

suggesting that the different instruments measure different size ranges. It 

is interesting to note that the averaged total number concentration is corre- 
lated to the ratio, as one would expect if particle formation is the cause for 

changes in the ratio of values from the two instruments. The significant dif- 

ference observed in number concentration, however, is not easily explained 

with the expected lower limits of the two instruments. 

The steepness of the cut-off curves (detection efficiency against particle 
diameter) of each CPC may also be different, with the newly built CPC hav- 

ing the steeper curve due to the sample being introduced in the centre of 
the condenser (Stolzenburg and McMurry, 1991), resulting again in a higher 

reading than that in the TSI instrument. The TSI CPC might also suffer from 

higher sampling losses due to its lower sample flow rate (1.5 1 min-1 ver- 

sus 51 min-1 in the new instrument) through the inlet tubes employed at 
the Birmingham site. This should, however, not significantly affect particles 

above 5 nm, as for a flow rate of 1.5 1-min-1 and a tube length of 2m the 
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transmission efficiency is 0.7 for 5 nm particles. Apart from being longer 

and narrower, the inlet tube to the TSI instrument included several bends; 
this might have a further influence on the sampling losses (Wang et al., 
2002). Whilst more investigations would be required to clarify this issue, 

it should also be noted that the TSI CPC uses the photometric mode above 
10 000 CM -3 (which occurred for more than 60% of the 1h average data dur- 

ing the field trial), whereas the new instrument counted single particles in 

the whole range of concentrations encountered. 

The linearity of the total number concentration was also tested using a 

much higher time resolution of 15 s in order to evaluate the instrument's, 

capability to capture short incidents of very high ultrafine particle concen- 
trations. Figure 5.15 shows a period of 40 min on the morning of 28 June, 

2002 with two such ultrafine peaks. The trend of the aerosol concentration 

as indicated by the TSI CPC is followed closely by the concentration mea- 

sured by the CPC of the new instrument. However, the 40% difference in 

concentration measurements, mentioned above for the hourly averages, can 
be clearly observed at this resolution too. 
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Figure 5.15: Total number concentration measured by the instrument compared to 
the TSI CPC number concentration at a time resolution of 15 s. The two peaks 
that occurred in the shown period are followed nearly identically by both instru- 
ments. 
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The instrument is unique in giving real-time size-resolved information 

in the form of the number concentrations in five size fractions. Figure 5.16 

shows, as an example, the results for one week of measurements at the Birm- 
ingham site as hourly averages. For comparison, TSI CPC and TEOM data 

are also reported. The number concentrations in the five size fractions are 

shown in figures 5.16a-5.16e. One can clearly observe the large differences 

in the number concentrations encountered in the different size fractions 

with a maximum of 50 000 CM -3 for the ultrafine fraction (see figure 5.16a) 

and a maximum of 0.35 cm'3 in the coarse fraction (see figure 5.16e). The 

fractions from 0.5 pm to 1.0 pm and 1.0 pm to 2.5 pm are relatively similar 
(see figures 5.16c and 5.16d), possibly indicating similar sources. 

The other size fractions, however, differ from these significantly and show 
different trends. This was also observed for the other weeks of the field trial. 
This means that the different modes of the ambient aerosol size distribution 

are not well correlated for most of the fractions sampled, which may be 

caused by different sources contributing to the different size fractions, or 
by the particles being affected differently according to their size by various 

meteorological processes. Further investigation, beyond the scope of this 

thesis, would be needed to fully interpret these data. It can be noted in fig- 

ure 5.16 that the trend of the ultrafine number concentration, representing 
the nucleation mode, is very different from all other size fractions and hence 

the larger size fractions cannot be used to predict the ultrafine number con- 

centration. 
The PM10 mass concentration from the TEOM (see figure 5.160 is best 

correlated to the coarse size fraction 2.5 pm to 10 pm, with a correlation co- 

efficient of r2 = 0.77 for the data shown in figure 5.16e, and shows weak 

correlation with the size fraction 1 pm to 2.5 pm (r2 = 0.41). The number 

concentrations in the other size fractions show very weak or no correlation 

with TEOM data (r2 = 0.26 for fraction 500 nm to 1 pm shown in figure 5.16c, 

r2 = 0.004 for fraction 360 nm to 500 nm shown in figure 5.16b, and r2 = 0.24 

for fraction 10 nm to 360 nm shown in figure 5.16a). The mass concentration 

can also be calculated from the number concentrations measured by the in- 

strument. Results from calculations using the geometric mean diameter of 

each size fraction and a particle density of 1600 kg-M-3 as explained in sec- 
tion 5.4 are shown in figure 5.16f. Because of the size information provided 

101 



5 Instrument Performance 

e' 50000 
40000 
30000 

0 
20000 

10000 
Z0 Z 

I' 40 
E 35 

30 
25 

o 20 
15 

10,10 
E5 

0 z 

10 nm to 360 nm, 1h average 
TSI 3022A -- t---- 

28 Jun 29 Jun 30 Jun 01 Jul 02 Jul 03 Jul 04 Jul 05 Jul 

360 nm to 500 nm, 1h average 

28 Jun 29 Jun 30 Jun 01 Jul 02 Jul 03 Jul 04 Jul 05 Jul 

7 lf" 
ü5 
c4 

83 

E1 
0 Z 

2.5 
Ü_ 2 

500 nm to 1 µm, 14 average 

28 Jun 29 Jun 30 Jun 01 Jul 02 Jul 03 Jul 04 Jul 05 Jul 

1 µm to 2.5 µm, 1 h average 

0 1.5 
81 
aý E 0.5 

z0 28 Jun 29 Jun 30 Jun 01 Jul 02 Jul 03 Jul 04 Jul 05 Jul 

'E 0.4 2.5 µm to 10 µm, 1 h average (e) 

0.3 

0.2 

0.1 
Z0 

I\AkJ%LAfrJ\ 

28 Jun 29 Jun 30 Jun 01 Jul 02 Jul 03 Jul 04 Jul 05 Jul 

cf" 50 
E 40 

30 
C1 

20 
10 
0 

TEOM PMip ------"- 
; uEated PM1o 

28 Jun 29 Jun 30 Jun 01 Jul 02 Jul 03 Jul 04 Jul 05 Jul 

Date 

Figure 5.16: Number concentrations of the five size fractions measured by the new 
instrument (AmbiCountB). The ultrafine concentration (10 nm to 360 nm) is com- 
pared to the TSI CPC number concentration. The TEOM PMlo mass concentra-. 
tion is shown for comparison. 
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5.4 Number-to-Mass Conversion 

by the instrument, not only PM10 but also PM2.5 and PM, can be given, and 
if required, also PM0.5 or PMO. 36. Contribution to PM10 mass concentration 
from the different size fractions can therefore be estimated and variation, 
with time and parameters such as meteorological conditions, can be stud- 
ied. Figure 5.17 shows the contribution to calculated PMio mass concentra- 
tion from the different size fractions for the week presented in figure 5.16. 
The next section reports on studies that were carried out to find a suitable 
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Figure 5.17: Relative contribution to calculated PMIO mass concentration from the 
different size fractions. The mass concentration is normalized to PMIO mass con- 
centration. 

number-to-mass conversion algorithm. 

5.4 Number-to-Mass Conversion 

The calculation of the mass concentration from number concentration in the 

size fractions is complicated by uncertainties such as particle density, shape, 

and exact number size distribution. Certain assumptions are necessary and 

need to be carefully chosen. While there is a linear relationship between 

mass and particle densities, mass is related to the third power of particle 

size. As a consequence, inaccuracies in the knowledge of the size distribu- 

tion of the particles can lead to large errors in computed mass concentra- 
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tion and it is very important to achieve realistic assessment about the size 
distribution. Three algorithms for such a number-to-mass conversion were 
studied and results were compared to the measured values of PMio mass 
concentrations from the monitoring campaign in Birmingham (measured 
by the TEOM). 

5.4.1 Smoothing Method 

To get a continuous number size distribution from measurements in a lim- 
ited number of size fractions, a high-resolution reconstruction method was 
proposed by Lawless (2001). The size distribution measured by the instru- 

ment, given as number concentrations in relatively broad size fractions, is 

normalized to the logarithmic width of the fractions (dividing the num- 
ber concentration of every size fraction by the difference between the loga- 

rithms of the upper and lower limits of the fraction). The size distribution is 

then subdivided in many sub-channels of similar logarithmic widths. The 

normalized concentration of a size fraction is taken as initial value of the 

concentrations in the sub-channels of that fraction. The concentrations of 
the sub-channels are then varied in order to achieve a smooth size distribu- 

tion. Different criteria for smoothness can be applied, as for example mini- 
mizing a quantity such as the sum of squares of the differences between the 

concentrations of adjacent sub-channels. For OPCs, the author suggested 
using relative differences in the form of logarithmic differences as concen- 
trations usually vary over many orders of magnitude. In fact, using the sum 
of logarithmic differences as a criterion of smoothness on data from the in- 

strument showed the best results. 
While modifying the concentrations in the sub-channels, the concentra- 

tion in the size fractions of the instrument is maintained. In this way the 

method does not alter the original data and no assumptions are made other 
than that a smooth distribution is more likely to be closer to the actual dis- 

tribution than a step-like distribution. The resulting smoothed distribution 
is therefore only an alternative presentation of the same data, and in partic- 
ular the resolution remains the same-no finer structure of the distribution 

is revealed. Some structure, however, might now be seen, which before was 
difficult to recognize. 

Figure 5.18 shows an example of a smoothed size distribution; the data . 
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shown are for demonstration purpose. The size fractions selected are as 
used in Birmingham, whereas the number concentrations are selected so 
that presentation on a non-logarithmic scale is possible. The figure does 
therefore not represent a typical set of data, for which the number concen- 
tration in the ultrafine size fraction (10 nm to 360 nm) would differ from the 
concentration in the other size fractions by many orders of magnitude. The 
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Figure 5.18: The original data given by number concentrations in the size frac- 
tions are normalized by dividing every number concentration by the difference 
A log(dp) between the logarithms of the upper and lower limits of the corre- 
sponding size fraction. The normalized concentrations are shown as "Original 
concentration". Every size fraction is subdivided in many sub-channels of equal 
logarithmic width. The number of sub-channels in every size fraction is selected 
so that the sub-channels of the different size fractions have similar logarithmic 
widths. The normalized concentration of a size fraction is taken as initial value 
of the concentrations in the sub-channels of that fraction. The concentrations of 
the sub-channels are then smoothed to the shown size distribution. In every size 
fraction, the areas under the distributions of original data and smoothed data 
are the same, indicating the same number concentration. (In this example, the 
number concentrations in the different size fractions are: 1185 CM -3 in size frac- 
tion 10 nm to 360 nm; 67.12 cm'3 in size fraction 360 run to 500 nm; 84.95 cm'3 
in size fraction 500 nm to 1.0 pm; 47.53 cm'3 in size fraction 1.0 pm to 2.5 pm; 
and 5.956 cm'3 in size fraction 2.5 pm to 10 pm. ) 

non-logarithmic scale of the normalized number concentration as presented 
in figure 5.18 has the advantage that the area under the size distribution 

curve is proportional to the number concentration, hence it can be seen that 
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the number concentration in the size fractions is the same in original data 

and smoothed data. 

The mass size distribution can be calculated from the smoothed number 

size distribution, assuming spherical particles and a certain particle den- 

sity (which may be size dependent). Figure 5.19 shows this for the example 
data, the volume size distribution is shown, before applying the density. 

The mass concentration is calculated by summing the contribution from the 
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Figure 5.19: Volume concentration resulting from the smoothed number size distri-, 
bution assuming spherical particles. 

single sub-channels. As the smoothed number size distribution is probably 

closer to the underlying true size distribution, the resulting mass concentra- 
tion will be a better estimate than a mass concentration calculated by simply 
integrating the step-like number size distributions while applying the same 

assumptions. 
To calculate the contribution to the mass concentration of a single sub- 

channel, the normalized number concentration of the sub-channel is first 

converted in volume concentration assuming spherical particles with a di- 

ameter equal to a mean diameter of the sub-channel. The geometric mean 
is used here. However, different means will give very similar results if the 

sub-channels are small enough. For the automated conversion of many data 

sets, an algorithm has been programmed in Perl to subdivide original data 
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in sub-channels and then minimize the sum of logarithmic differences. As 

output of the program, for every data set the smoothed size number and 
volume distributions as well as PM10 mass concentration and the mass con- 
centrations of the different size fractions are given. 

5.4.2 Geometric Mean Diameter 

Without knowledge of the size distribution, the mass concentration could be 

calculated for every size fraction directly from the respective number con- 

centrations, if the average mass of particles in the size fraction were known 

or could be estimated. The average mass corresponds, assuming a spher- 
ical particle, to the diameter of average mass (Hinds, 1999). The problem of 

number-to-mass conversion reduces to assuming good diameters of aver- 

age mass for all size fractions, besides the assumptions of spherical particles 

and certain particle densities. As a first choice, the geometric mean diam- 

eter was tested here, together with assuming the same density for all size 
fractions. For every size fraction a mass concentration can then be directly 

calculated and PM10 mass concentration is simply the sum of those. This 

method gives a linear relationship between the count in the size fractions 

and the mass contributed from them. First tests showed that the mass con- 

centration for ultrafine particles in the size fraction from 10 nm to 360 nm 

calculated with this method was unexpectedly high, sometimes up to 50% 

of calculated PM10 mass concentration. The choice of the geometric mean 
diameter (using 60 nm for the (10 to 360) nm size fraction) as diameter of 

average mass was, therefore, for this size fraction changed to 30 nm. This 

choice agrees with typically found mean diameters of the nucleation mode 
in ambient air (for example Morawska et al., 1999b; Harrison et al., 2000; 

Longley et al., 2003) and it is believed to be a better choice than the geo- 

metric mean diameter of the size fraction. Halving the choice for the mass 

mean diameter results in reducing the contribution to the mass concentra- 
tion by a factor of eight according to the volume, and hence mass, going at 
the third power of the diameter. For the automated calculations of the mass 

concentration with this method, the same Perl program which was used for 

the smoothing method also includes the mass concentrations calculated by 

this method in its output. 
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5.4.3 Fit to Trimodal Log-Normal Distribution 

The log-normal distribution (for example Heintzenberg, 1994; Hinds, 1999) 
is often used to fit atmospheric particle concentrations. The log-normal dis- 

tribution has the form 

P 

(d)2\ 
dN(dp) No 

ex 5.1 dIndp In o 2(lnv)2 ) 

where No is the total number concentration, v and y are the geometric stan- 
dard deviation and the geometric mean respectively. Whitby (1978) used 
three log-normal distributions to fit the three modes (the nuclei, the accu- 
mulation, and the coarse mode) he identified in measured size distribu- 

tions. Birmili et al. (2001) used three modes for particles with a diameter 
below 1 pm. Horvath et al. (1990) fitted one log-normal mode to OPC data 

of particles having a diameter above 1 pm. 
In order to fit the sum of several log-normal distributions to the number 

concentration values in a few size fractions, the number concentration data 

are first converted to a cumulative distribution (Hinds, 1999), with values 
at the size cuts between the size fractions. The cumulative log-normal dis- 

tribution function, N(dp) obtained by integrating equation (5.1) in the form 

In ý In d 
N(dp) = 

2° (erf 
- erf 

( 

V2- (5.2) f lnv lnv 

is then fitted to these points of the cumulative number distribution. The 
lower limit of the lowest size fraction is dL and the cumulative number dis- 

tribution is fixed to zero at dL. The error function is defined as erf (x) 
2 fo e-t2dt 
To describe the size distribution between dL = 10 nm and 10 pm at least 

three log-normal modes are necessary. As every log-normal mode has three 

parameters, the total number concentration in the mode No, the geometric 
standard deviation c, and the geometric mean y, a size distribution with 
three log-normal modes is described by nine parameters. With five data 

points, assumptions are required to avoid multiple solutions and to make 
the fitting process feasible. To fit the data to more than three modes, more 
points would be necessary, so that it would not improve the quality of the 

108 



5.4 Number-to-Mass Conversion 

fit. Figure 5.20 shows a fit for the example data which was used in the 
smoothing method (see figure 5.18). Figure 5.21 shows the corresponding 
log-normal distribution function. 
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Figure 5.20: Data presented as cumulative number concentration and fitted cumu- 
lative number size distribution N, which is the sum of three log-normal modes. 
(The fitted values of No, v, and y for the three modes are: 1000 cm 3,1.6 (was 
fixed), and 30 nm (was fixed) respectively for nuclei mode; 300 CM-3,1.7,300 run 
respectively for accumulation mode; and 100 CM-3,1.8 (was fixed), and 1.0 pm 
(was fixed) for the coarse mode. ) 

The assumptions chosen here to test number-to-mass conversion with 
log-normal fit are the geometric means and standard deviations of the first 
(ultrafine) and the third (coarse) mode. Assumptions are based on literature 

values (Whitby, 1978; Whitby and Sverdrup, 1980) and evaluation of quality 
of fit achievable with chosen values. The selected values are 1.6 and 30 nm, 
and 1.8 and 1.0 pm for geometric standard deviations and means of the two 

modes respectively. The value of the geometric mean of the coarse mode 
was selected lower than values found in the literature in order to obtain a 
better fit with the data. Assuming spherical particles and a certain particle 
density, the volume size distribution (depicted in figure 5.22) and mass con- 
centration are calculated from the log-normal distribution function (see fig- 

ure 5.21) which results from the fitted cumulative log-normal distribution. 

Cumulative data + 
N(dp) 

N1 (dp) .......... 
N2(dp) --------- 
N3 (dp) -"-"-"-. - 
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Figure 5.21: Size distribution resulting from the fitted cumulative number concen- 
tration. The three log-normal modes are also shown. 
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Figure 5.22: Log-normal volume size distribution resulting from the fitted cumula- 
tive number concentration. The three log-normal modes are also shown. 
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An algorithm to perform the fit was programmed in Perl. It varies the 

geometric standard deviation and mean of the second mode (accumulation) 

independently. For every pair of values for the geometric standard devia- 

tion and mean the total number concentrations of the three modes are cal- 
culated exactly from the first three data points of the measured cumulative 
number concentration. This results in a complete set of the nine parameters 
describing the three modes. The difference between the corresponding dis- 

tribution and the remaining two points of the measured cumulative number 

concentration represents a measure of how good this log-normal distribu- 

tion fits the measured data. The best fit is given by the geometric standard 
deviation and mean of the second mode with the least difference. The out- 

put of the program is, for every measurement data set, the best fit as given 
by the parameters describing the three modes as well as the PM10 mass con- 

centration and the mass concentrations of the single size fractions computed 
from this best fit. 

5.4.4 Results of Number-to-Mass Conversion 

Comparison of Computed with TEOM Measured Mass 

The PM10 data measured with the TEOM alongside the new instrument in 

Birmingham were compared to the results from the number-to-mass con- 

version of the number concentration data and used as an indicator of the 

quality of the conversion. However, it must be noted that TEOM PM10 data 

might not at all times accurately represent the actual PM10 mass concen- 
tration (TEOM is suspected to suffer from losses of semi-volatile particles, 

see, for example Green et al., 2001). Computed PM10 mass concentration 
data of each of the three conversion algorithms for hourly average mea- 

sured data from the new prototype instrument were separately compared 

against hourly average measurements of the TEOM PM10 data. By linear 

regression, using least square fit, the quality of the conversion can be evalu- 

ated using the three parameters slope, intercept, and correlation coefficient 

r2. In the three algorithms tested, the slope depends to a large degree on the 

assumptions of the particle density, whereas the intercept and in particular 
the correlation coefficient are more characteristic of the algorithm used. The 

data used for the following comparisons are from the four weeks between 
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27 June 2002 and 26 July 2002. Results of the linear regression are shown 
in table 5.1. All different algorithms assume the same particle density of 
1600 kg-M-3 for all size fractions which is based on particle densities found 
in the literature (Morawska et al., 1999a; Hand and Kreidenweis, 2002; Mc- 
Murry et al., 2002). 

Week 

starting 

Smoothing Method 

slope inter. r2 

Geom. Mean Diam. 

slope inter. r2 

Log-Normal Fit 

slope inter. r2 
27 June 0.96 -0.68 0.78 0.76 0.01 0.81 0.34 3.40 0.48 

5 July 1.04 -0.27 0.60 0.77 0.52 0.59 0.95 -1.56 0.59 
12 July 1.09 -0.33 0.67 0.82 0.44 0.65 0.52 3.71 0.35 
19 July 1.24 -0.70 0.52 1.02 -0.86 0.54 0.77 -0.12 0.47 

Table 5.1: Linear regression of number-to-mass conversion results with TEOM data. 
The intercepts are given in pg"m'3. 

The results from both the smoothing-method and the geometric-mean- 
diameter conversions correlate reasonably well with the TEOM PM10 data. 
The correlation coefficients r2 for the studied weeks vary between 0.52 and 
0.78 for the smoothing method and between 0.54 and 0.81 for the geometric 
mean diameter. The slopes of the best fitting straight lines are generally 
smaller for the geometric mean diameter. The intercepts are relatively low 

and range between -1.56 pg"m-3 and 3.71 pg"m-3. The results of the log- 

normal fit conversion algorithm most often do not correlate well with the 
TEOM PMio data with correlation coefficients r2 of about 0.5 or below. 

Intercomparisons between Conversion Algorithms 

The following comments on comparisons between mass and number con- 
centrations in the different size fractions and intercomparisons between the 
different algorithms are based on observations of results from conversion 
of AmbiCountA data from the week 29 May to 7 June 2002 and PM10 data 

of the same week from the collocated TEOM. Qualitatively the same ob- 
servations could be made for data from other periods of the Birmingham 

campaign. 

Smoothing Method The number concentrations in the week 29 May to 7 
June 2002 are shown in figure 5.23 together with TEOM PM10 measured 
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mass concentrations in comparison with the mass concentration calculated 
by the smoothing method. The calculated mass concentrations in the differ- 

ent size fractions are shown in figures 5.24,5.25, and 5.26. They are shown 
in comparison with results from the geometric-mean-diameter algorithm. 

Although the number concentrations of the size fractions 10 nm to 360 nm 
and 360 run to 500 nm are not correlated (see figures 5.23a and 5.23b), the 

mass contributions of the smoothing method from these size fractions are 

similar in their trends, the mass from the size fraction 10 nm to 360 nm be- 

ing slightly higher (see figure 5.24, upper and lower part). All size fractions 

apart from the 10 nm to 360 run fraction exhibit a correlation between mass 

calculated from the smoothing method and number concentration (see fig- 

ures 5.24,5.25,5.26, and 5.23a-5.23e). This missing relationship for the ul- 
trafine size fraction 10 nm to 360 nm is the result of the typically missing 

ultrafine mode in the volume distribution from the smoothing method. As 

a consequence the volume distribution, and hence the mass concentration, 
increases from nearly zero to the value at 360 nm while the volume distribu- 

tion then often decreases significantly until about 500 nm so that the mass 
from the ultrafine size fraction is correlated with mass from the 360 nm to 

500 nm size fraction. This can be seen, for example, in figure 5.27, which 

shows the volume size distribution resulting from the smoothing method 
in comparison with the fitted log-normal distribution for data from 1 June 

2002, at 11: 00 (GMT). 

Geometric Mean Diameter versus Smoothing Method The algorithm of 
the geometric mean diameter yields automatically a linear relationship be- 

tween the number concentration in the size fractions and the mass con- 
tributed from them (due to multiplication of number concentration data 

with the volume of the sphere having a diameter equal to the geometric 

mean diameter in the respective size fraction, see figures 5.24,5.25,5.26, 

and 5.23a-5.23e). The calculated PM10 mass concentration from this algo- 

rithm correlates well with the PM10 mass concentration from the smoothing 

method (with r2 = 0.65, intercept = 1.93 pg"m-3, slope = 0.78, see fig- 

ure 5.26, lower part). The resulting mass concentrations are nearly identical 

in the 360 nm to 500 nm size fraction (see figure 5.24, lower part) and very 

similar in the 500 nm to 1 pm (see figure 5.25, upper part) and 2.5 pm to 
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Figure 5.23: Number concentrations of the five size fractions and TEOM PM10 mea- 
sured mass concentrations in comparison with calculated mass concentration 
(smoothing method) for the week from 29 May to 7 June 2002. The data shown 
are 1h averages. 
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Figure 5.24: Comparison of calculated mass concentration of smoothing method 
and geometric mean diameter for the size fractions from 10 nm to 360 nm 
(PMo. 36) and 360 nm to 500 nm (PMo. 5-PMo. 36)" 
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Figure 5.25: Comparison of calculated mass concentration of smoothing method 
and geometric mean diameter for the size fractions from 500 nm to 1.0 pm 
(PMi-PM0.5) and 1.0 pm to 2.5 pm (PM2.5-PM1). 
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Figure 5.26: Comparison of calculated mass concentration of smoothing method 
and geometric mean diameter for the size fraction from 2.5 pm to 10 pm 
(PM10-PM2.5) and for total PMlo mass concentration. 
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Figure 5.27: Comparison of volume size distribution resulting from smoothing 
method and log-normal fit to data from 1 June 2002, at 11: 00 (GMT). 
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10 pm fractions (see figure 5.26, upper part). For these size fractions the ge- 
ometric mean diameter is therefore a good approximation of the diameter 

of average mass of the size distribution given by the smoothing method. 
The mass concentration from the size fraction 1 pm to 2.5 pm is on aver- 
age 1.4 times higher than that from the smoothing method (see figure 5.25, 
lower part), however, the two mass concentrations are again well correlated 
(r2 = 0.96, intercept = -0.12 pg"m 3, slope = 1.45) The mass concentra- 
tion in the ultrafine size fraction 10 nm to 360 nm does not show any cor- 
relation between geometric mean and smoothing method, as mass concen- 
tration from the geometric-mean-diameter algorithm is correlated with the 

number concentration in that size fraction but the mass from the smoothing 
method is correlated with mass concentration in the adjacent size fraction 

360 nm to 500 nm, as mentioned above. 

Log-normal Fit versus Smoothing Method The calculated mass concen- 
trations for the log-normal fit in the different size fractions are shown in 
figures 5.28,5.29, and 5.30 in comparison with results from the smoothing 
method. The PM10 mass concentration computed from the algorithm using 
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Figure 5.28: Comparison of calculated mass concentration of smoothing method 
and log-normal fit for the size fractions from 10 nm to 360 nm (PM0.36) and 
360 nm to 500 nm (PMo. 5-PMo. 36). 
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Figure 5.29: Comparison of calculated mass concentration of smoothing method 
and log-normal fit for the size fractions from 500 nm to 1.0 pm (PM1-PM0.5) and 
1.0 pm to 2.5 pm (PM2.5-PM1). 
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Figure 5.30: Comparison of calculated mass concentration of smoothing method 
and log-normal fit for the size fraction from 2.5 pm to 10 pm (PM10-PM2.5) and 
for total PM10 mass concentration. 
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the log-normal fit shows weaker correlation with TEOM PM10 measured 
data than the PM10 mass concentration computed from the other two al- 
gorithms (see figure 5.30, lower part). Comparing the log-normal fit with 
the smoothing method shows a very good agreement of the respective mass 
contributions from the 360 nm to 500 nm and the 500 nm to 1 pm size frac- 

tions (see figures 5.28, lower part, and 5.29, upper part). The two size frac- 

tions 10 nm to 360 nm and 1 pm to 2.5 pm still show quite a good agreement, 
while the contribution of the log-normal fit in both size fractions is slightly 
higher (see figures 5.28, upper part, and 5.29, lower part). In the size frac- 

tion 2.5 pm to 10 pm, however, the agreement is very poor, the mass con- 
tribution from the log-normal fit is not following the peaks shown by the 

smoothing method (see figure 5.30, upper part). Figure 5.31 and figure 5.32 

show the results for data falling in such a peak (Birmingham, 30 May 2002, 
19: 00 GMT). A large difference in volume concentration (and hence mass) 
results from the different number size distribution in the coarse size frac- 

tion above 2.5 pm particle diameter. The reason for this is believed to be 
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Figure 5.31: Comparison of number size distribution resulting from smoothing 
method and log-normal fit to data from 30 May 2002,19: 00 (GMT). Number size 
distribution is shown on a logarithmic scale. A large difference can be noticed in 
the size fraction 2.5 pm to 10 pm. 
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Figure 5.32: Comparison of volume size distribution resulting from smoothing 
method and log-normal fit to data from 30 May 2002,19: 00 (GMT). The large 
difference in number concentration in the size fraction 2.5 pm to 10 pm trans- 
lates in a large difference in the volume concentration too. 

proximately 2.5 pm. The third log-normal mode is apparently at a too low 

mean diameter and falling off too rapidly towards higher particle sizes (see 
figures 5.31 and 5.33). As mentioned earlier, this mode was fixed at 1 pm. 
Increasing this geometric mean will increase the mass significantly without 
improving the correlation to the TEOM PM10 data. Furthermore, it will re- 
sult in a reduced quality of the fit. It suggests that a log-normal distribution 
is not suitable to fit the available data in the coarse size range. 

Summary of Number-to-Mass Conversion Algorithm 

In conclusion from these tests of number-to-mass conversion algorithms, it 

can be said that the fit to three log-normal modes does not give satisfac- 
tory results, while the conversion algorithms using the smoothing method 
and the geometric mean diameter give very similar results and are rela- 
tively well correlated to TEOM PMio data (with r2 = 0.68 and r2 = 0.65 

respectively). The algorithm using the geometric mean diameter is simpler 

compared to the smoothing method and requires only very little computa- 
tion. This method can be "calibrated" by comparing the results against a 
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Figure 5.33: Comparison of number size distribution resulting from smoothing 
method and log-normal fit to data from 1 June 2002,11: 00 (GMT). Number size 
distribution is shown on a logarithmic scale. 

mass concentration measurement, as for example with a TEOM. This will 

result in an apparent particle density which accounts for the specific condi- 
tions at the site where the comparison was done. The assumed density of 
1600 kg-M-3 can be changed so that the slope of the linear correlation fit 

between the computed and the measured mass concentration will become 

unity. Alternatively the average computed mass can be compared to the 

average measured mass concentration and then the assumed density can be 

corrected so that the two averages are the same. Applying this mass calibra- 
tion to the algorithm using the geometric mean method, the apparent den- 

sity, based on the data from 27 June to 10 September 2002, is 1590 kg"m-3 

in the former (slope = 1) and 1640 kg"m-3 in the latter case (comparison of 

average mass). For the smoothing method the apparent density would be 

lower at 1310 kg-m-3 and 1330 kg"m 3 respectively. 
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5 Instrument Performance 

5.5 Intercomparisons of the two Prototype 

Instruments 

The advantage of producing two prototypes was that it was easier to track 

problems if one instrument could be directly compared to another identical 
instrument. If both instruments were functioning well, then a side-by-side 
comparison should yield identical results within measurement errors. Such 

side-by-side comparisons were performed on several occasions. The first 

comparisons after the calibration of the sizing capabilities of the OPC1s and 
the OPC2s, were the CPC calibration tests at netcen (see section 5.1.4), which 
showed good performance of one CPC (AmbiCountB), but revealed mal- 
functioning of the CPC of the other instrument (AmbiCountA). In another 
comparison, the two instruments were operated on the roof of Casella CEL 
Ltd at a height of N 15 m. Both CPCs were measuring the same number 
concentration but the OPCs showed a difference with OPC1A sometimes 
even reading less than 50% compared to OPC1B. Tests a few days later us- 
ing PSL spheres with the diameters 0.548 pm and 1.053 pm showed that the 

response to PSL spheres of OPC1A had significantly decreased since its cal- 
ibration (two months earlier, see figure 5.1), while OPC1B gave very similar 

results. The problem was solved by improving the laser scattering signal 
of OPC1A through changes to the laser focus so that the amplitude was in- 

creased and the signal width decreased, followed by an adjustment of the 

thresholds in order to match the response of OPC1A to that of OPC1B, which 

was unchanged. A short side-by-side comparison showed the positive re- 

sult of these adjustments. 
After the laser diode of OPC1B failed and its laser module was replaced, 

it was necessary to calibrate this OPC again. Calibration was performed 
for both OPC1s following the same procedure as described in section 5.1.2. 

This was used as an opportunity to repeat the OPC response calculations 
taking into account the polarization of the incident laser light this time to 

evaluate the effect of polarization. The incident laser light in the OPC1s is 

polarized parallel to the mirror-detector axis. Scattered power must be in- 

tegrated over the solid angle of the mirror as seen from the sensing volume. 
For all scattering and azimuthal angles 0 and 0 within this solid angle the 

scattered intensity is calculated using equations (3.3) and (3.4) after splitting 
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the incident intensity I; in the components parallel and perpendicular to the 

scattering plane (I; = Illi + Ill). These intensity components are propor- 
tional to the squares of the magnitudes of the corresponding electric field 

vector components (see figure 3.1), so that I11i = Il sin2 0 and Il; = Il cost 4', 

where 0= 90° corresponds to the case of the scattering plane oriented so 
that mirror-detector axis (y-axis in figure 3.1) is falling on the plane. The 

scattered intensity Is is the sum of the scattered intensities resulting from 

the two incident components: 

Is = 
((S11 + S12) sine 0+ (S11 - S12) cost 0) Il (5.3) 

This integration was added to the Fortran program from Bohren and Huff- 

man (1983), which was then used to calculate the response curve to be 

used for this calibration of the sizing capabilities of OPC1A and OPC1B. 
Figures 5.34 and 5.35 show the results of the calibration (performed on 11 
February 2003) with theoretical (calculated) responses for the two cases of 

unpolarized and polarized incident light fitted to the measured response. 
The theoretical response to DOS particles, which is used as average response 
to ambient particles (see section 5.1.2), is shown for both cases as well. By 

comparing these two response curves for DOS, the effect of polarization can 
be evaluated. The PSL response curve for polarized light fits the measured 
data better than the response curve for unpolarized light. If the response 
curve for unpolarized light is used to determine thresholds for size cuts 
at 360 nm and 500 nm respectively, the thresholds correspond to slightly 
higher size cuts for polarized incident laser light (-380 nm and -520 nm 
respectively). For the higher size cuts these differences become insignifi- 

cant. This confirms that the effect of beam polarization is only secondary 
(as claimed in section 4.2.3). However, to enhance the OPC performance 
in the following the polarization was taken into account to determine the 

thresholds for the size cuts. 
Subsequent side-by-side comparisons showed differences in the number 

concentrations measured with the OPCs. OPC1B indicated lower number 

concentrations in all four size fractions, so its response was tested again 

with PSL spheres (on 28 April 2003). The signal was found to be lower than 
during the previous calibration, so that the signal needed to be improved 
by re-alignment of the laser and then recalibrated. This incident, which 

repeated the experience with the calibrations carried out a year before (see 
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Figure 5.34: Measured response of OPC1A to PSL spheres (11 February 2003). Theo- 
retical response was calculated for the two cases of unpolarized light and linearly 
polarized light with polarization parallel to mirror-detector axis. Both response 
curves are scaled individually to best fit the measured data. The two measure- 
ments at 1.053 pm were performed immediately one after the other. 
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Figure 5.35: Measured response of OPC1B to PSL spheres (11 February 2003). Theo- 
retical response was calculated for the two cases of unpolarized light and linearly 
polarized light with polarization parallel to mirror-detector axis. Both response 
curves are scaled individually to best fit the measured data. 
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above), suggests that the alignment of the laser is very sensitive and that 
the laser may, over time, fall out of alignment. This last calibration was 
therefore concluded with sampling the same particle diameter (0.548 pm) 
that was sampled first, to confirm its average response had not changed. In 
figure 5.36, depicting the results of recalibration, these two measurements 
can be seen as the two points at 0.548 pm, where the second measurement, 
though reading slightly less, agreed within measurement error of the first 

measurement. 
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Figure 5.36: OPC1B recalibration. Measured response to PSL spheres (28 April 
2003). The calculated theoretical response was scaled to best fit the measured 
data. The two measurements at 0.548 pm were performed at the beginning and 
end of the measurements. 

A week after the recalibration another side-by-side comparison was per- 
formed, results can be seen for the five different size fractions in figures 5.37, 

5.38,5.39,5.40, and 5.41. They show that the number concentrations in the 

size fractions of the OPCs agreed reasonably well. Table 5.2 lists the results 

of linear regression to show correlation of AmbiCountB measurements with 
AmbiCountA measurements. The observed differences are believed to have 

resulted from the thresholds and size-cut characteristics of the two OPC1s 

being slightly different. 
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Slope Intercept r2 
CPC (total number conc. ) 1.03 26.397 0.997 

OPC, 360 to 500 nm 1.23 -0.132 0.998 

OPC, 500 nm to 1.0 µm 1.32 -0.751 0.978 

OPC, 1.0 to 2.5 pm 0.89 0.095 0.869 

OPC, 2.5 to 10 pm 0.76 0.010 0.924 

Table 5.2: Results of linear regression of side-by-side comparison of the two proto- 
type instruments between 6 May, 17: 00 and 8 May 2003,9: 00 (GMT). Measure- 
ments of AmbiCountß are compared against measurements of AmbiCountA. The 
intercepts are given in cm-3. 
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Figure 5.37: CPC scatter plot of side-by-side comparison of the two prototype in- 

struments. Data between 6 May, 17: 00 and 8 May 2003,9: 00 (GMT) are shown. 
Points correspond to 1h averages. 
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Figure 5.38: OPC scatter plot of side-by-side comparison of the two prototype in- 

struments. Data between 6 May, 17: 00 and 8 May 2003,9: 00 (GMT) are shown 
for the size fraction 360 nm to 500 nm. Points correspond to 1h averages. 
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Figure 5.39: OPC scatter plot of side-by-side comparison of the two prototype in- 
struments. Data between 6 May, 17: 00 and 8 May 2003,9: 00 (GMT) are shown 
for the size fraction 500 nm to 1 pm. Points correspond to 1h averages. 
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Figure 5.40: OPC scatter plot of side-by-side comparison of the two prototype in- 

struments. Data between 6 May, 17: 00 and 8 May 2003,9: 00 (GMT) are shown 
for the size fraction 1 pm to 2.5 pm. Points correspond to Ih averages. 
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Figure 5.41: OPC scatter plot of side-by-side comparison of the two prototype in- 

struments. Data between 6 May, 17: 00 and 8 May 2003,9: 00 (GMT) are shown 
for the size fraction 2.5 pm to 10 pm. Points correspond to 1h averages. 
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5.6 Summary of Instrument Performance 

The OPC and CPC parts of the new AmbiCount instrument were success- 
fully calibrated and the instrument performed well in the field trial at Birm- 
ingham. 

OPC Calibration The OPC calibration showed that the detector response 
was linear with scattered power of particles, as scaling was sufficient to 

achieve a good fit of calculated response to measured response to PSL 

spheres. This check was important because the amplifier bandwidth was 
close to its limit to measure the OPC signals with their relatively short pulse 
widths (see section 4.2.4). The OPC calibration was corrected to reflect opti- 
cal properties of average ambient particles. The resulting ambient response 
was smaller than the response to PSL, which together with an increased 

noise level of the electronic signal, was responsible for the slightly higher 

value of the lower detection limit of the OPC1s of 360 nm, as compared to 
that achieved with the first OPC prototype (see section 4.2.3). The noise in- 

creased because of the operation of the three mains pumps, and especially 
because of switching noise from the control of heater and cooler currents. 

CPC Performance While the CPC calibration showed excellent agreement 
with TSI CPC 3010, comparison of the CPC data with TSI CPC model 3022A 
during the Birmingham field trial revealed large differences. Despite these 
differences, the correlation was very good and the instrument proved to 
be capable of resolving short incidents of very high ultrafine number con- 
centrations. The differences to the TSI CPC 3022A could not be explained 
satisfactorily. To further investigate this, the lower detection limit of the 
CPC should be defined by calibration and by further verification tests at 
Birmingham. 

The effect of coincidence errors on the measurement with the CPC of 
AmbiCount was demonstrated. The test showed that it is possible to mea- 

sure number concentrations with the CPC of N 500 000 CM -3 if the correction 

proposed in equation (3.36) is applied. 

Comparison of Number Concentration and TEOM PMlo Two important 

results from comparing the number concentrations with TEOM PM10 mass 
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concentration at Birmingham were: Firstly, TEOM PM10 is correlated with 
the size fraction 2.5 pm to 10 pm (r2 = 0.77) and to a lesser extent with 
1 pm to 2.5 pm (r2 = 0.41). Correlation with the other size fractions is 

much lower. This indicates that main part of the PM10 mass concentration is 

contributed by particles residing in the coarse fraction 2.5 pm to 10 pm and, 
to a certain extent, by particles in the fraction 1 pm to 2.5 pm. Mass residing 
in the sub-micrometer size fractions, can therefore not be predicted by PM10 

measurements alone. Secondly, the ultrafine number concentration is not 
correlated with either the number concentration of the other size fractions 

nor with PM10 mass concentration. This repeats observations made in other 
studies (for example Harrison et al., 1999b; Greig, 2000) and illustrates that 
ultrafine number concentration cannot be predicted, but must be measured 
directly. 

Number-to-Mass Conversion Number-to-mass conversion was success- 
ful for two of the three proposed and tested algorithms-the smoothing 
method and the algorithm using the geometric mean diameter. The com- 
parison between the different conversion algorithms has shown, however, 

that more size resolution in the coarse size range above 2.5 pm and in the 

ultrafine size range below 360 run is necessary to improve the quality of the 

conversion algorithms further. Additional fractionation in the ultrafine size 
range would help to avoid overestimating the mass concentration in that 

range. An additional size fraction in the coarse size range would help to 

calculate the mass more accurately, since most of the mass resides in this 

size range. 
Number-to-mass conversion also provided a method for estimating the 

aerosol density, which by comparing the average TEOM to the average cal- 
culated (with geometric mean method) PM10 mass concentration resulted 
in 1641 kg"m-3, a value close to values found in literature (for example 
Morawska et al., 1999a; Hand and Kreidenweis, 2002; McMurry et al., 2002). 

Statistical Counting Error The accuracy of the number concentration mea- 
surement in the coarse size fraction suffered from a relatively large statistical 
counting error. From equation (3.33) the relative statistical counting error 
can be calculated and is, for a number concentration of typically 0.1 cm-3, 
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13% for sampling a one-hour average. The other size fractions, having typi- 

cally higher concentrations, have lower relative counting errors. Because of 
the importance of this size fraction, this limits the possible time resolution 
for the number-to-mass conversion process to currently around one hour. 
In certain cases, as for example sampling close to roads with at times high 

and fast fluctuations, a higher time resolution would be beneficial. The ac- 

curacy in the coarse size fractions could be improved using a higher sample 
flow rate for the OPC, which exhibits low coincidence up to 100 000 cm'3. 
The statistical counting error would be reduced in this way and necessary 

averaging times could be reduced. However, this would require some re- 
designing of the OPC, for example regarding isokinetic sampling. 

OPC Laser Particle sizing accuracy is also vital for number-to-mass con- 

version. Experience has shown that this is difficult to guarantee with the 

current design of laser mounting and alignment. In two cases, a laser mod- 

ule needed replacing after failure of the laser diode (CPCB laser at Birming- 

ham in week following 15 May 2002, OPC1A laser before calibration on 11 

February 2003), contradicting the typical lifetimes of 10 000 h (more than a 

year of continuous operation). Laser diodes are very sensitive devices. The 

driver electronics of the laser modules used here include protection against 

over-voltages from the supply. After the second laser was replaced, the pro- 
tection was further improved with fast switching transient voltage suppres- 

sors, added in parallel at the supply voltage for the laser module, to avoid 

any short voltage peaks on the supply to reach the laser diodes putting 
them at risk of degradation and permanent damage. The laser diodes are 

operated close to their rated maximum, which may reduce their lifetime. 

To maintain the necessary laser intensity, while reducing the risk of dam- 

age, laser diodes with higher nominal power could be used working at the 

same power as the currently employed lasers. Laser diodes might also suf- 
fer damage if exposed to strong electrical fields such as those generated by 

mobile phones. Both failed lasers were, in fact, used for some time close 
to a GSM modem with antenna, which was used to access the instrument 

remotely. Occasionally, mobile phones were also used while operating the 

instrument. Such use of mobile phones and GSM modem antenna close to 

the laser diodes should be reduced and necessary precautions taken. Even- 
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tually, a better shielding of the two lasers in the instrument should avoid 
exposure to harmful radiation even if a mobile phone would be used in the 

vicinity and a GSM antenna placed close to the lasers. 

Operating Temperatures On some occasions, the instrument tended to 
heat up if the enclosure was closed. This was observed, for example, in rel- 
atively warm internal environments and during outside use during sunny 
days. When the instrument was originally operated with a saturator tem- 

perature controlled to 35°C, the saturator temperature was found to increase 
together with the instrument's temperature, while the condenser tempera- 
ture was still controlled to 15°C. The temperature difference between satura- 
tor and condenser, therefore, increased, which can affect the lower detection 
limit of the CPC. The problem was solved by changing the control algo- 
rithm for condenser and saturator temperatures so that the difference was 
maintained constant in case one of the set temperatures could not be con- 
trolled. If the instrument heats up inside now, the condenser temperature 

will be increased together with the saturator temperature, maintaining the 

constant difference defined by the set points of the two temperatures. The 
instrument operated in this mode, for example, during the field trial in the 
Birmingham monitoring station, where the temperature inside the instru- 

ment rose to about 38°C. For outside use, however, the instrument should 
be ventilated better so that the temperature could be maintained ambient 
temperature and excessive heating would be avoided. Currently, the in- 

strument is effectively ventilated only at the sample flow rate of 51"min-1, 

which is released inside after sampling from ambient air. While the CPC 

condenser is thermally insulated in foam, the saturator was not insulated 

so that part of the heater energy is dissipated. Insulation of CPC saturator 
would reduce this, though the control would need to be slower as the pas- 
sive cooling would be much slower. The quality of insulation needs, there- 
fore, to be a compromise of reduction of heat dissipation, response time of 
control, and also stability of temperature. 
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6 Ultrafine Fractionation 

The final objective of the project was to develop a method by which the ul- 
trafine size fraction (N 10 nm to 360 nm) could be further subdivided into 

size fractions as anticipated in section 4.1.2. This would be advantageous 
because of the importance of this size range for health effects. Further frac- 
tionation in the ultrafine size range would enable the new instrument to 

monitor processes which involve different sizes in this range and to identify 

and distinguish between sources of ultrafine particles by their contribution 
to the ultrafine number concentration predominantly in certain size frac- 

tions. It would also improve the ability of the new instrument to provide 
mass concentration from number-to-mass conversion algorithms, as further 
fractionation would reduce the uncertainties of the algorithms in the ultra- 
fine size range (see section 5.4). 

The single ultrafine size fraction at this stage is confined between the 
lower detection limits of CPC and OPC (see section 4.1.3). The following 

section describes briefly existing techniques capable of size fractionation in 
the ultrafine size range. Section 6.2 explains the selection of techniques 

which could be implemented in the new instrument. The selected tech- 

niques were tested as described in section 6.3. Finally, section 6.4 discusses 

the results of these tests. 

6.1 Methods of Ultrafine Fractionation 

Electrostatic Classification 

Charged particles in an electric field E experience a force, and as a result 
they drift with a velocity v given by the balance of drag force and electric 
force. For particles an electric mobility Z is defined such that v= ZE. The 

electrical mobility is proportional to the charge of the particles and dp 1: 

3ý 
Cd 

(6.1) 
p 
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The charge carried by the particle is expressed as the number n of elemen- 
tary charges e, Cc is the slip correction factor. The size dependence of Z is 

used for the so called electrostatic classification of particle size. Electrostatic 

classification was one of the earliest methods used for size classifying par- 
ticles (Whitby, 1966; Flagan, 1998). Today it is used in DMAs, where par- 
ticles are charged and then passed through an electric field where, due to 
the resulting drift of particles, only particles having an electrical mobility Z 

within a narrow region will exit through an outlet slit. 
To use this technique, an electrostatic classifier (consisting of a particle 

charger and electrodes to create the electric field) would need to be added to 
the new instrument. The electrostatic classifier would sub-sample from the 
duct carrying the main sample flow a larger sample than the CPC sample 
flow rate of 10 ml-min-1. This would be necessary since only part of the 

sub-sampled flow (the part containing the particles of the selected electrical 
mobility) would be passed on to the CPC after exiting the classifier. 

Diffusion Techniques 

Diffusion describes random Brownian motion of airborne particles using 
the diffusion coefficient D (diffusivity), which depends on the size of the 

particle (see equation (3.27) in section 3.4). The smaller the particles the 
higher are their diffusion coefficients, and the more they move randomly. As 

a consequence smaller particles are more likely to move out of the flow path 
and to be lost (see section 3.4). The size dependence of these sampling losses 

can be used for ultrafine fractionation. Using a sampling device with high 

losses and a transmission efficiency of 50% at a certain particle diameter, 

provides a lower size cut at that diameter below which particles are not 
sampled efficiently (transmission efficiency decreasing to zero). A review of 
diffusion size separation techniques can be found in Cheng (2001). 

Equations (3.29) and (3.30) for diffusion parameter and transmission effi- 
ciency of a circular tube show that sampling losses can be enhanced by an 
increased length of the device or by a decreased flow. Two possible devices 

are therefore a long tube or many tubes used in parallel (low flow in each 
tube). 

Using a similar space as a circular tube, size cuts at higher particle sizes 

can be achieved with thin rectangular channels. The diffusion parameter ý 
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in this case is defined as 

_ 
8DLW 
3qH 

(6.2) 

where H is the height (or separation), W the width of the channel, with 
H«W. The length of the channel is L, the flow rate through it is q. The 
transmission efficiency 11T through a rectangular channel is 

11T = 0.9104e-2.8278 + 0.0531e-32.147 

+0.01528e-93'475 + 0.00681e-186.805 for > 0.05 (6.3) 

11T = 1-1.526e'3 + 0.15 + 0.00342 4"3 for ý 0.05 (6.4) 

The formula for ý>0.05 is given by Tan and Thomas (1972), the formula 
for ý<0.05 by Ingham (1976). Other devices were studied, as for example 
screens of fine wire meshes (Cheng and Yeh, 1980; Cheng et al., 1985), annu- 
lar tubes, and circular disks (Cheng, 2001). A diffusion battery uses several 
stages of such devices to provide several size cuts in the ultrafine size range 
(Cheng et al., 1980; Brown et al., 1984). 

Ultrafine fractionation could be added to the new instrument using such 
devices to sub-sample from the main sample flow of 51"min 1 the required 

sample for the CPC. A single tube could simply extend the CPC capillary 
tube as proposed above. Alternatively, many tubes in parallel could be con- 
nected to the CPC capillary tube using a funnel-like connector. In a similar 
approach, a rectangular channel could be connected to the CPC capillary 
tube by funnelling the channel. More than one channel in parallel could be 

used to enhance the diffusive losses. This implementation would require 
the diffusive devices to be small enough not to obstruct the main sample 
flow. 

The diffusivity of particles also depends on temperature, however, using 
the dependency for size separation by varying the temperature of a diffu- 

sive device is impractical as size cut changes due to varying diffusivity are 

small for moderate temperature changes. If, for example the temperature 

was changed from 20°C to 100°C-a temperature already too high for am- 
bient sampling-the diffusivity of a 30 nm particle would increase by 42%. 
Although diffusivity changes considerably, a size cut of 28.8 nm for diffu- 

sion tubes would, as a consequence, shift to 34.5 nm. This illustrates, on the 

other hand, that for typical ambient temperature changes, size cut changes 
can be neglected. Changing the sample flow rate instead of temperature, 
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may be a possibility to adjust the size cut of diffusive sampling devices. 
Diffusion tubes with a size cut of 28.8 nm would, if doubling the flow, have 

a size cut at 24.3 nm; or, if halving the flow, have a size cut at 49.2 nm. 

Inertial Techniques 

Inertial techniques are commonly used for separation of particles typically 
larger than 1 pm, as for example in cyclones, impactor inlets, or virtual 
impactors. Because of decreasing mass, it becomes more difficult to use 
inertial techniques for smaller particles. Impactors must be used with ei- 
ther low pressure or small dimensions of the impactor nozzle to be able to 
size-segregate ultrafine particles, which is realized, for example, in the ELPI 

and micro-orifice impactor respectively (see chapter 2). At very low pres- 
sures of less than 500 Pa, cut-off sizes of lower than 10 nm can be achieved 
with an impactor (Gomez-Moreno and Fernandez de la Mora, 1996); sizing 
can be improved by aerodynamically focusing particles before the impactor, 

and hence produce a sharper cut-off curve as all particles are initially on 
the same streamline (Liu et al., 1995; Fernandez de la Mora, 1996). This is 

achieved by drawing the sample air flow through a series of aerodynamic 
lenses (orifice plates), thus bringing particles in a wide size range close to the 

centre of the flow and creating a particle jet which is then impacted through 

a small nozzle onto an impactor plate. Particles below a critical inertia will 
not impact and can subsequently be analyzed by, for example, a CPC, giving 
the number concentration below the size cut. 

After sub-sampling from the main sample flow, the sub-sample could be 
drawn through such an impactor with either fixed size cut or variable size 
cut using variable pressure (Fernandez de la Mora, 1996) or variable dis- 

tance of the impactor plate from the nozzle (Fernandez de la Mora et al., 
1990). The CPC could then detect particles which escape from impaction. 

Thermophoresis 

In presence of a temperature gradient, particles move towards the region 
of lower temperature (Waldmann and Schmitt, 1966). This is caused by a 
net difference of kinetic energy transferred from collisions with molecules 
on the "hot side" and molecules on the "cold side" (Zheng, 2002). The ef- 
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fect depends, apart from the temperature gradient, also on particle thermal 

conductivity and size. Thermophoresis is used for example to collect small 
particles for further analysis (thermophoretic precipitation) on a cold micro- 
scope slide, or to protect surfaces from particle deposition by heating them 

above ambient temperature (Zheng, 2002). For particle sizes much smaller 
than the mean free path 1 of air molecules (Kn » 1, where Kn = 21/dp is the 
Knudsen number), the thermophoretic force approaches the free molecular 
limit where the force is proportional to dp and to the temperature gradient, 
but independent of particle thermal conductivity. The thermophoretic veloc- 
ity-a constant velocity reached when thermophoretic force and drag force 

are in balance for a given temperature gradient-assumes the form (Wald- 

mann and Schmitt, 1966) 

iidPcc Vth -" - 
VT 

6Pgl T 
(6.5) 

where rl, pg, and 1 are the gas viscosity, density, and molecular mean free 

path respectively. The thermophoretic velocity is independent of particle 

size since the slip correction factor Cc is proportional to dp1 for Kn » 1, 

which can be seen from equation (3.28). 
It is not yet possible to give a theoretical formula for the thermophoretic 

force or velocity in the complete range of particle sizes. Talbot et al. (1980) 

proposed a fitting formula for the thermophoretic force which approximates 

experimental results for all Knudsen numbers (Zheng, 2002). In the pro- 

posed formula (which approaches the free molecular limit for Knudsen 

numbers Kn -º co), the resulting velocity is 

2Cs 
g-Cc 

(p + CtKn) VT 
Vth k (6.6) 

(1 + 3CmKn) (1 +2+ 2CtKn) T 

where kg and kp are the thermal conductivities of the gas and particle re- 

spectively. Kinetic theory values for the momentum exchange coefficient 
Cm, the temperature jump coefficient Ct, and the thermal slip coefficient CS, 

are Cm = 1.14, Ct = 2.18, and Cs = 1.17 (Talbot et al., 1980). The Knudsen 

number is defined as mentioned above (Kn = 21/dp), where for this formula 

the gas mean free path 1 is defined as 1=P,, where c is the mean molecular 

speed with c= ViEkT, 
m is the molecular mass (mass of one molecule), and 

pg is the density of the air. 
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6 Ultra fine Fractionation 

Creating a temperature gradient perpendicular to the streamlines in the 

sample flow, upstream of the CPC sampling capillary tube, would change 
the distribution of particles across the duct due to the thermophoretic ve- 
locity. This could be used for size fractionation in the ultrafine size range, 
as the smallest particles (Kn --> oo) would move with the velocity given by 

equation (6.5) and larger particles at the different and size dependent veloc- 
ity given by equation (6.6). 

CPC Possibilities 

The ultrafine particles act as condensation nuclei and grow in the alcohol 
to droplets, whose size is independent of particle size for particles down 
to a certain limit, below which the final droplet size decreases with fur- 

ther decreasing particle size (see section 3.3 and figure 4.18). If flow and 
vapour saturation are stable then this dependence of the droplet diameter 

on the particle size allows retrieval of information on the size distribution 

of particles in this lower part of the ultrafine size fraction (typically below 

-20 nm) by analysing the pulse heights of the signals from the droplet de- 
tecting OPC (Saros et al., 1996; Weber et al., 1998). 

The size distribution in the lower part of the ultrafine size fraction can also 
be obtained by changing the lower detection limit of the CPC. This may be 

changed by varying the temperature difference between the saturator and 
the condenser, which varies the vapour pressure and hence the saturation 
ratio and the lower detection limit (see equation (3.7)). One can then use 
two or more CPCs in parallel (Brock et al., 2000; Stein et al., 2001), or alter- 
natively scan continuously the lower detection limit of only one CPC. In 

this case, instead of changing the temperatures in the CPC, which might be 

quite slow, the saturation ratio may also be varied by changing the vapour 
pressure in the condenser directly through dilution with dry air, for exam- 
ple by bypassing the saturator. Implementation of the technique using vari- 
able temperature in the CPC would only require changes to the temperature 

control as the CPC of the new instrument could be used as it is. 
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6.2 Selection of Size Fractionation Technique 

Electrostatic Classification In electrostatic classification a certain particle 
size range, for example 5 nm to 400 nm or 10 nm to 1 pm, is scanned with 
high size resolution. Usually, this scan takes several minutes, which can be 

a disadvantage if dynamic processes cannot be followed simultaneously in 

the different size channels. The scan time could be reduced by reducing 
the size resolution, but the principal problem remains. Inversion of particle 
concentrations measured for different electrical mobilities to the underlying 
particle size distribution is not an easy task, as particles may carry one or 
more elementary charges, so that particles having different sizes may have 

the same electrical mobility. It is important that the particles after charging 
have a known and stable charge distribution. If the size resolution of an 
instrument using electrostatic classification were reduced, then the inver- 

sion would be more difficult and assumption of the size distribution would 
be necessary since charging efficiency varies significantly with particle size. 
Ultrafine particles are charged with a very low efficiency, further complicat- 
ing the use of electrostatic classification. This option for ultrafine fractiona- 

tion of the ultrafine size range was therefore rejected. 

Diffusion Techniques Diffusion techniques present no major problems for 

size separation in the particle size range up to 100 nm. While the presented 
tubes and thin rectangular channels could be easily added to the existing in- 

strument, screens of fine wire meshes, circular disks, and also annular tubes 

might present some technical problems. Screens of fine wire meshes and 
annular tubes would also have size cuts not as sharp as could be realized 
with tubes and thin rectangular channels (Cheng, 2001). 

Inertial Techniques Inertial techniques need to use low pressure which 
is a disadvantage when sampling ambient aerosol. Temperature and pres- 
sure should not be changed significantly from ambient conditions to avoid 
changes in particle size distribution by condensation or evaporation. For 

this reason, inertial techniques were not considered further for the ultrafine 
fractionation requirement. 
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Thermophoresis Thermophoresis might be used for size separation of 
particles. However, the size dependence of thermophoretic force or veloc- 
ity is only weak. The size cut of a thermophoretic device would therefore 
be relatively broad, not sharp as would be desired. A difficulty would be 

the necessity for a high temperature gradient, which, if achieved with high 

temperatures, could disturb flow conditions and change or destroy particles 
through, for example, evaporation. Close to a heated wire aligned parallel 
to the streamlines in an air flow, the temperature gradient would be rela- 
tively high even for only moderate wire temperatures, especially at the start 
of the heated wire, before the air stream is heated significantly. Such a wire 
could be placed in the centre of the duct before the CPC sampling capillary 
tube. Particles sampled by the CPC would then, prior to entering the capil- 
lary tube, flow alongside the wire. Heating the wire would repel particles, 
which will be lost for sampling if they drift a sufficient distance away from 

the wire. This phenomenon is particle size dependent due to the size de- 

pendence of the thermophoretic velocity. The use of this technique for size 
fractionation in the ultrafine range, was investigated as will be shown in 

section 6.3.2. 

CPC Possibilities The use of the CPC to further size fractionate the ul- 

trafine particles is limited to the sizes below N 20 nm. Even if size cuts at 
higher sizes were theoretically possible, practically they would be difficult 

to maintain, as lower detection limits above 20 nm would be very sensitive 
to operating conditions. Theoretically, a size limit of 50 nm would change 
to 100 nm if the temperature difference between saturator and condenser 
decreased by only 1 K. The test of the temperature dependence of the lower 
detection limit of the CPC did confirm this difficulty (see figure 5.10). For 

this reason, the option of using the CPC to achieve size fractionation was 

rejected. 

6.3 Evaluation Tests 

Investigations were undertaken to assess the practicality of using diffusion 

techniques or thermophoresis for ultrafine size fractionation. 
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6.3.1 Diffusion 

The use of a low sample flow rate of only 10 ml-min-1 is an advantage 
for diffusion techniques, as a low flow rate results in high diffusion losses. 
While the CPC sampling capillary is kept short enough to not compromise 
the lower detection limit (length of the capillary tube of L= 50 mm and 
sample flow rate of q= 10 ml-min-1 yield IT = 0.5 for a spherical par- 
ticle with a diameter of 6.0 nm), it is sufficient to simply extend the sam- 
pling inlet of the CPC to achieve a higher size cut; an extension, for ex- 

ample, by further 222 mm would yield IT = 0.5 for a particle diameter of 
14.1 nm. Such a modified CPC will measure a reduced number concentra- 
tion. The difference in number concentration measured by this CPC and an 

unmodified CPC will give an indication of the number concentration below 

the new size cut of 14 nm. This difference and the ratio of the two num- 
ber concentrations will depend on the number size distribution, and hence 

change with changes in the distribution. A test was performed with such 

a 222 mm extension on one CPC sampling alongside the other, unmodified 
CPC. Figure 6.1 depicts the results, comparing the number concentrations 

on a logarithmic scale. Both CPCs sampled indoor air close to an opened 

window. The capillary tube extension was removed from CPCB at 16: 16, 

and the number concentrations of CPCB increased immediately to values 

very close to those of CPCA. The ratio of the number concentration of CPCB 

with the enhanced sampling losses to the concentration of the unmodified 
CPCA, which is depicted in figure 6.2, showed the expected variations over 
time, especially during some of the peaks in the total number concentra- 
tion. This indicated changes of the sampled particle size distribution, in 

particular changes in the ratio of the number concentration of particles with 

a diameter > 14 nm to the concentration of particles greater than the lower 

detection limit (either 6 nm if limited by diffusion or slightly higher if lim- 

ited by level of supersaturation). 
While ultrafine fractionation at this size cut of 14 nm would provide valu- 

able additional information, other size cuts, for example at 30 nm, 50 nm, 

or even 100 nm would be of interest too. These higher size cuts, however, 

cannot easily be achieved by simply extending the inlet tube length further 

because it would increase the pressure drop in the extension and make the 
dimensions of the sampling inlet very impractical. A potential solution is to 
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Figure 6.1: Test of an extension to the capillary inlet of CPCB to enhance sampling 
losses. The capillary tube of 222 mm length changes the lower detection limit 
from «7 nm to N 15 nm. The measurement with this CPC is compared with the 
other, unmodified CPC. 
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Figure 6.2: Ratio of the number concentration of the CPC with the capillary tube of 
222 mm length extending the sampling inlet to the concentration of the unmod- 
ified CPC. It does not remain constant indicating changes in the number size 
distribution during the test. 
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split the flow between many capillary tubes in parallel. The flow through 

a single tube is reduced, and from equation (3.29) it follows that the length 

of the tubes can be reduced by the same ratio while maintaining the same 
diffusion losses. The relatively small diameter of the capillary tubes would 
allow the use of a sufficient number of capillary tubes to significantly in- 

crease the size cut. An alternative would be to use thin rectangular chan- 
nels; a few of these may be easily stacked to increase the size cut too. These 
two possibilities have been evaluated theoretically and experimentally, and 
results are presented below. 

Seven capillary tubes may be conveniently placed together in one larger 

tube, and this number has therefore been considered. Such a configuration 
would reduce the flow by a factor of seven, so that with a practical length 

of less than 200 mm a size cut at - 30 nm can be achieved. The transmission 

efficiency is 0.5 for ý=0.137, which, for a particle diameter of -30 Mn is, 
for example given by L= 160 mm and q= 1/7.10 ml-min-1. The diameter 

of the tubes does not matter, though they should not be chosen too small so 

as to avoid clogging and higher pressure drops. Capillaries with an internal 
diameter of 0.8 mm were used for the tests. 

The use of thin rectangular channels can easily take the size cut from 

30 nm to 100 nm. The transmission efficiency is 0.5 for ý=0.212, which, 
for a particle diameter of - 100 nm is, for example, given by H=0.25 mm, 
W= 13 mm, L= 125 mm, and q =1/3.10 ml-min-1. Three of these rect- 

angular channels would therefore give a size cut at 100 nm. When equa- 
tion (6.3) is compared to equation (3.30) it may be noted that the size cut of 

rectangular channels is sharper than that of tubes. 

Figure 6.3 depicts the theoretical transmission efficiencies of the seven 

capillary tubes and the three rectangular channels presented in the above 
examples as function of particle size. The seven capillary tubes-called 
diffusion tubes in the following-and the three rectangular channels, were 
built and tested. They are shown in figures 6.4 and 6.5. Three rectangular 
channels were built from a PVC sheet of 0.25 mm thickness which was cut 
into strips to form the channel walls and spacers creating the separation be- 

tween the channels as shown in figure 6.6. At the end the three rectangular 
channels were funnelled so that these channels could be fitted on the sam- 

pling inlet capillary of the CPC. The actual size of the rectangular channels 
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Figure 6.3: Theoretical transmission efficiencies of circular tubes and rectangular 
channels as function of particle diameter. Seven tubes are used in parallel to 
achieve a size cut (transmission efficiency of 0.5) at 30 nm and three rectan- 
gular channels in parallel to achieve a size cut at 100 nm (sample flow rate of 
10 ml-min-1; for dimensions see in text). 
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Figure 6.4: Diffusion tubes and rectangular channels. These were connected with 
the CPC sampling capillary tube for the tests. 
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Figure 6.5: Entrance of diffusion tubes and rectangular channels. These were con- 
nected with the CPC sampling inlet capillary and sealed with 0-rings. 

CPC 

Figure 6.6: Diagram showing the construction of the diffusion device with three 
rectangular channels. The sample air enters in the three channels. After exiting 
the rectangular channels, the sample air is funnelled to the exit of the device, 
which is connected airtightly to the CPC sampling capillary tube. The uppermost 
layer of the device is shown transparent. 
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and the diffusion tubes can be seen in figures 6.4 and 6.5. 
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Figure 6.7: Test of diffusion tubes on CPCB. Total number concentration of the 
CPCs of the two instruments are compared on a logarithmical scale. CPCB was 
sampling through the diffusion tubes, so that its lower detection limit should 
be changed to -30 nm according to the diffusion losses. During the test the 
instruments sampled from indoor air. 

As seen previously in figure 6.2, the tests depicted in figures 6.7 and 6.8 

with the diffusion tubes fitted show variation in the ratio of the number con- 
centrations recorded by the modified and unmodified CPCs. This indicates 

that the two CPCs effectively measure number concentration in different 

size ranges. 
A short test, which compared the diffusion tubes and the rectangular 

channels, is depicted in figure 6.9. Here, with two CPCs sampling side- 
by-side, one was operated normally whilst the other carried either diffusion 

tubes or rectangular channels. For this test AmbiCountB was disassembled 

and CPCB removed from the main sampling duct to be able to access the 

sampling capillary tube for fitting the diffusion devices. CPCA operated 

within AmbiCountA which was not disassembled. The diffusion tubes re- 
duced the total number concentration to N 40%, whereas the rectangular 

channels reduced it to only N 10% of the values without diffusion losses 

measured by the normally operating CPC. A similar test was performed 

with the diffusion devices fitted on OPC1B to ensure diffusion losses of 
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Figure 6.8: Test of diffusion tubes on CPCB. Total number concentrations of the 
CPCs of the two instruments are compared on a logarithmical scale. CPCB was 
sampling through the diffusion tubes, so that its lower detection limit should be 
changed to - 30 nm according to the diffusion losses. During the test the instru- 
ments sampled from indoor air. At 09: 25 an incense stick was lit for a few sec- 
onds. From 09: 44 to 09: 53, and 10: 37 to 10: 56 a window close to the instruments- 
facing on a non-busy car park and a road at - 50 m distance-was open. At 10: 25 
the diffusion tubes were removed from CPCB. 
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Figure 6.9: Reduction of total number concentration by diffusion tubes and rect- 
angular channels. Side-by-side comparison of CPCA and CPCB, CPCA was op- 
erated normally whilst CPCB carried either diffusion tubes or rectangular chan- 
nels. The diffusion tubes were fitted on CPCB at 10: 20 and 12: 20 for a duration 
of 20 min, the rectangular channels were used for sampling at 11: 00 and 11: 40 
for 20 min periods, again on CPCB. Number concentrations are compared on a 
logarithmic scale. 
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particles in the OPC size fractions were low as compared to CPC losses- 

mainly representing losses in the ultrafine size fraction-as would be ex- 

pected from the size dependence of the losses (see figure 6.3). The number 

concentrations in the size fractions 360 nm to 500 nm, 500 nm to 1 pm, 1 pm 
to 2.5 pm, and 2.5 pm to 10 pm were, in case of the diffusion tubes, reduced 
to - 80%, - 80%, - 65%, and N 15% respectively of the levels measured 

without the diffusion devices. In case of the rectangular channels the num- 
ber concentrations were reduced to only N 20%, N 20%, N 20%, and N 10% 

respectively. While it was expected to see larger losses in the rectangular 

channels having the higher size cut, the losses here were substantial. For 

the diffusion tubes the losses were a little higher than expected too, how- 

ever much lower as compared to CPC losses with the diffusion tubes. Both 

devices showed increased losses for coarse particles as opposed to what 

theory would predict. This might involve some inertial losses at entrance 

and exit of the devices and, in case of the rectangular channels also losses 

of charged particles since the device, made of plastic, was non-conducting. 
While these results are indicative only, such enhanced losses for the OPC 

would not matter, as the diffusion devices would be used on the CPCs only, 

where they showed to work well. 

6.3.2 Thermophoresis 

Tests were performed with a heated copper wire aligned along the axis of 
the CPC capillary inlet in the duct of the prototype instrument. The wire, 

with a diameter of 0.32 mm, was heated by wrapping around it an insu- 

lated nichrome heating wire with a diameter of 0.10 mm. The copper wire 

was supported by a holder fixed to the wall of the duct. This test configu- 

ration is shown in figure 6.10. The wire was aligned with the CPC capillary 
inlet by rotating the duct (the capillary inlet is not exactly in centre, as the 

centre is located between OPC and CPC capillaries). A tiny thermocouple 

made from 2 solid strands of 0.076 mm diameter (Chromel-Alumel, type K) 

was attached to the copper wire close to the windings of the nichrome wire. 
A photograph of this test device is shown in figure 6.11. The wires con- 

nected to the thermocouple and to the nichrome wire windings were taken 

out through the top of the duct (through duct-cyclone connector, cyclone 

was not fitted). During tests the temperature of the copper wire was varied 
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Figure 6.10: Thermophoresis test configuration with copper wire. 

Figure 6.11: Heatable copper wire for thermophoresis tests. The copper wire has 
a diameter of 0.315 mm and is heated over 38 mm of its total length of 78 mm. 
During tests it was placed at a distance of 3.9 mm from the sampling capillary 
tube. A tiny thermocouple attached to the wire measured the temperature. 
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between 40°C and about 80°C (at air temperatures in the duct of N 25°C). 
When aligned with the CPC inlet, the ultrafine number concentration 

(CPC total number concentration) decreased with increasing temperature 

of the copper wire up to a point, where further increase in temperature let 
the number concentration rise again. The concentration typically decreased 
by 20% to 50% at a wire temperature of 41°C to 64°C and then increased 

again if the wire was heated further to 79°C. An example of a measurement 
with the heated wire aligned with CPCB is shown in figure 6.12. Heating 
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Figure 6.12: Thermophoresis tests with heated wire aligned with CPCB sample in- 
let. Heating was switched on at 12: 00 at a heating current of 75 mA and reached 
within about a minute 40.6°C. At 13: 00 heating current was increased to 100 mA 
and the temperature reached 50.7°C, and at 13: 30 further to 125 mA and the tem- 
perature reached 63.7°C. At 14: 30, the heating current was set to 150 mA and the 
temperature increased to 78.8°C. At 15: 00 the heating was switched off. 

was switched on at 12: 00 at a heating current of 75 mA and reached within 

about a minute 40.6°C. At 13: 00 heating current was increased to 100 mA 
and the temperature reached 50.7°C, and at 13: 30 further to 125 mA and the 

temperature reached 63.7°C. Eventually, at 14: 30, the heating current was 

set to 150 mA and the temperature increased to 78.8°C. At 15: 00 the heating 

was switched off. 
The effect of the heating can clearly be seen when heating is turned on 

or off. When heating is off then the two CPCs read the same, with heating 
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the number concentration of CPCB decreases immediately as compared to 
the concentration of the reference instrument, CPCA. Similar measurements 
were performed with the copper wire aligned with the OPC capillary inlet to 
see whether the particles in the different size fractions behave differently. In 

a test on the same day as the measurement shown in figure 6.12, the number 
concentration in the size fraction 360 nm to 500 nm decreased by - 40% for 

a wire temperature of up to 63°C, while number concentrations in the other 
OPC size fractions were reduced by - 20% or less. 

The temperature in the duct with the heated wire was calculated numer- 
ically using a Fortran program from Schiesser and Silebi (1997) for compu- 
tation of solutions to the Graetz problem. The problem is very similar to the 
Graetz problem, the only difference being the boundary conditions which 
here fix the temperature not only at the wall of the duct but also in the cen- 
tre at the position of the heated wire. For these differences, the analytical 
solution used for calculations of temperature in the CPC condenser could 
not be utilized and therefore the numerical solution was used instead. The 
Fortran program was modified to account for the changed boundary condi- 
tions. Results from calculation of the temperature for the conditions in the 
duct at a temperature of 25°C, a wire temperature of 65°C, and assuming 
a uniformly heated wire of 60 mm length, are shown in figure 6.13. From 
the temperature the temperature gradient was calculated, which close to 
the wire was around 40 000 K"m 1. If one wants to calculate the pathlines 
of particles which experience the thermophoretic force flowing close to the 
heated wire, then the path would need to be integrated over local velocities. 
The velocity of a particle would need to be calculated integrating over the 
local acceleration due to thermophoretic and drag forces, depending on the 
local temperature gradient and on the local velocity respectively. The proce- 
dure can be simplified assuming that the thermophoretic velocity is reached 
immediately so that no acceleration needs to be considered. To get an indi- 

cation on how fast the thermophoretic velocity is reached, the velocity can 
be divided by the acceleration resulting from the thermophoretic force. The 

resulting time is independent of the temperature gradient, as both veloc- 
ity and force are linear with the temperature gradient. At a temperature of 
25°C and particle density of 1800 kg"m-3, the time is 1.3.10-8 s for a 10 nm 
particle and 6.3.10-6 s for an 1 pm particle. Comparing these times with 
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Figure 6.13: Calculated temperature profile in air flow over heated wire. Flow is 
along the z-axis in the centre of the duct; the wire is on the axis between z= 
20 mm and z= 80 mm. The radial position from the z-axis is indicated by r. 

the 0.18 sa particle in the centre of the duct needs to travel 60 mm, shows 
that the assumption is well justified. Therefore, the paths of particles can 
be calculated integrating directly the thermophoretic velocities. Figure 6.14 

depicts the calculated pathlines for test particles with diameters of 10 nm 

and I pm respectively introduced at different radial distances from the cen- 
tre line. The heated wire on the centre line of the duct and the wall of the 

capillary tube are indicated as thick lines in the graph. 
The results of the calculations indicate that size dependence is not strong 

enough to separate particles of different sizes efficiently. The differences 

in particle concentration reduction observed for the different size fractions 

seem to be larger than what would be predicted from these calculations. 
There might, therefore, be a different effect causing the observed changes 

which has not yet been considered. Thermal expansion of the air passing by 

the heated wire can cause dilution of particle concentration. Maximum di- 

lution is given in the case that all particles follow the expanding streamlines. 
The particle concentration is then diluted by the ratio of expansion, which 
follows from ideal gas law as ratio of temperatures at the capillary entry for 

the two cases of heated and unheated wire. The calculations for the heated 
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Figure 6.14: Calculated pathlines of particles drifting away from a heated wire due 
to thermophoresis. The heated wire on the centre line of the duct and the wall of 
the capillary tube are indicated as thick lines. 

wire at 65°C in air at 25°C (298 K) predict a temperature at the capillary 

entry of 45°C (318 K, 4 mm after the heated wire). The ratio is, therefore, 
298/318 0.94. Thus, thermal expansion plays a certain role, which, how- 

ever, yields particle concentration reduction of less than 10% and cannot be 

responsible for the observations in the experiments, and hence is not the 

effect necessary to predict experimental results. 

6.4 Discussion 

Diffusion techniques tested showed good results, in accordance with theo- 

retical predictions. These devices could readily be used with the instrument 

prototypes. Modifications could be implemented to sample alternately ei- 
ther directly or through a diffusion device, which would yield an additional 
size fraction in near real-time. As only two size fractions are "scanned", 

concentrations in the two fractions could be measured frequently at short 
time intervals; for example, sampling 10 s with the diffusion device, allow- 
ing 5s for switching and flow stabilization, sampling 10 s without diffusion 
device, and again 5s for switching, and then repeating this 30 s cycle. If the 
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additional size information is required in real time, then two CPCs would 
need to sample in parallel one with and one without the diffusion device. 

The rectangular channels are better suited for size cuts higher than 30 nm. 
With micromachining or techniques such as etching, the channels could be 

produced in good reproducible quality. Alternatively two sets of rectangu- 
lar channels could be built in one device, thereby obtaining two size cuts 
in one unit. The two sets could have a different number of channels or a 
different width, so that without the need for more space, or the risk of ob- 

structing the flow in the duct, further size cuts could be introduced. Again, 

one would have the option of either switching between the size fractions or 

employing additional CPCs and sample in parallel. Figure 6.15 shows such 

a device including a set of four 100 mm long channels of 10 mm by 0.2 mm 
for a size cut at N 100 nm, a set of four 100 mm long channels of 2 mm by 

0.2 mm for a size cut at N 40 nm, and a wider channel to carry sample air 

without significant diffusion losses for the lowest size cut at N7 nm. The de- 

vice could have one common inlet to three compartments housing the two 

sets of thin channels and the wider channel. The sample air to be delivered 

to the CPC would be taken from one of these three compartments by the 

use of microvalves placed just before the sample air is funnelled in the CPC 

capillary tube. The OPC capillary tube could be extended to sample from a 

similar position as the presented device for ultrafine fractionation. 

Thermophoresis, although providing encouraging test results, could not 
be explained (yet) theoretically. Either thermophoresis is stronger than the- 

oretically predicted, or there is another effect that was not considered. Fur- 

ther analysis and more experiments would be necessary to be able to explain 
the situation. However, even if the theory could explain better the test re- 

sults, quantitative tests with monodisperse aerosol would be necessary to 
determine the size cut characteristics, which are believed to be relatively 
broad, as compared to the diffusion devices. 

While it was shown that size fractionation would be possible with a dif- 

fusion device, time limitations prevented the further implementation and 
development of the diffusion-based size fractionation. Following the above 
idea of having two size cuts in one unit consisting of two sets of rectangular 

channels, such implementation could be realized as presented in figure 6.15. 
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Figure 6.15: Rectangular channel diffusion device with two size cuts. The CPC 
samples through either of the two sets of rectangular channels for a size cut at 
ti 100 nm (10 mm by 0.2 mm channels) or -40 nm (2 mm by 0.2 mm channels) 
respectively or through a wider channel sampling without significant losses. The 
arrangement of the channels in three compartments is shown in a section view. 
Which compartment is sampling, and hence which size cut is in use, is controlled 
by using microvalves to close or open the compartments. 
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7 Conclusions and Future Possibilities 

7.1 Conclusions 

The aim of this project was to : 
Develop an instrument for simultaneously measuring particle number 
concentration, size distribution, and mass concentration in ambient air. 
This aim was achieved through the following objectives: 

1. Identify technologies to be used and design a new instrument inte- 

grating these technologies. 

2. Build prototype modules for testing single stages of the new instru- 

ment and compare their performance with results from theoretical 

modelling. 

3. Build a complete prototype instrument. 

4. Test the performance of the new instrument in the laboratory. 

5. Compare the new instrument in field trials with current instrument 

standards. 

To achieve the first objective, technologies of optical particle counting, 

condensation particle counting, and gravimetric mass measurement have 

been selected and were integrated in the design of the new instrument. The 

diffusion technique was identified for adding further ultrafine fractionation 

to the instrument and a possible implementation was outlined. 
Early tests of the design were possible with prototypes built for the 

OPC and CPC parts of the instrument. The second objective was achieved 
through tests and theoretical modelling of these prototype modules which 

confirmed the design and performance characteristics and represented im- 

portant steps towards a complete prototype instrument. 
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In fulfilling the third objective, two complete prototype instruments were 
then built. The identical prototype instruments were designed with all as- 

pects of ambient monitoring in mind. Potential causes of sampling losses 

were carefully considered in order to avoid, or at least minimize such losses 

over the complete particle size range measured. 
The prototype instruments were first tested in the laboratory to achieve 

the fourth objective. In particular, the OPC part was calibrated with mono- 
disperse PSL spheres and the CPC part by comparison with a reference 
CPC instrument (TSI CPC model 3010) at the laboratories of netcen. The 

calibration tests confirmed the performance characteristics as in case of the 
tests performed earlier with the prototype modules of OPC and CPC. The 

extended tests carried out with the CPC part of the prototype instrument 

showed its proper operation confirming results from qualitative tests and 
theoretical modelling. 

In accordance with the fifth objective, the instruments were then used 
in a four-months field study, collocated at the monitoring site Birmingham 

centre with a PM10 TEOM and a TSI CPC model 3022A. This provided an 
extended set of data to examine performance and capabilities of the instru- 

ment. Data analysis from this monitoring campaign showed the usefulness 
of the detailed and additional information provided by the instrument as 

compared to information from a TEOM only, often used for monitoring par- 
ticulate matter. This data set was also used to test three number-to-mass 

conversion algorithms identifying two of the algorithms (using smoothing 

method and the geometric mean diameter) as suitable near real-time meth- 

ods to provide mass concentration. 
In conclusion, the aim of providing an instrument for simultaneously 

measuring particle number concentration, size distribution, and mass con- 
centration in ambient air has been achieved. A valuable new instrument 
has been provided. Overall, the reliable performance was shown. The main 

performance specifications are: 
Sample flow rates 51"min 1 main sample (and for gravimetric) 

10 ml-min-1 OPC sample 
10 ml-min-1 CPC sample 

Size range Lower limit: <_ 10 nm ('lT = 0.5) 
Upper limit: PMIO or PM2.5 size cut 

158 



7.2 Future Possibilities 

Size fractions 10 nm to 360 nm 
360 nm to 500 nm 
500 nm to 1.0 pm 
1.0 pm to 2.5 pm 
2.5 pm to 10 pm 

Number concentration 100 000 cm'3 coinc. error < 10% (under-read. f. > 0.9) 
500 000 cm-3 using coinc. corr. 
0.1 cm-3 stat. count. error 13% 

CPC parameters Working fluid: iso-propanol 
Saturator temp.: 35°C 
Condenser temp.: 15°C 

Possible improvements have been identified and, in many cases, already 
implemented. The next section will outline future possibilities for this in- 

strument. 

7.2 Future Possibilities 

Ultrafine Fractionation A future version of the instrument may include a 
further ultrafine size fractionation technique using the diffusion technique 
discussed in chapter 6. The number-to-mass conversion algorithm using 
the geometric mean diameter (see section 5.4.2) can be implemented in the 
firmware of the instrument to give mass concentration in near real time. The 

algorithm would benefit from the further ultrafine size fraction, as well as it 

would from a further coarse size fraction of the OPC. In this case, the two 

successful algorithms, the geometric mean and the smoothing methods, can 
be compared again to identify the most suitable algorithm and studying the 
dependency of the quality of the conversion from other factors such as site 
specific aerosol properties. 

Coincidence Correction The correction of coincidence errors could be im- 

plemented in the instrument since tests (see section 5.2) have shown that it 

would extend the upper concentration limit to 500 000 cm-3. As proposed, 
the correction method could also be tested by comparing with a reference 
instrument to determine the under-reading factor at several number con- 
centrations. 
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OPC Improvements In side-by-side comparisons of the two prototype in- 

struments the CPC parts proved to be very reliably matched and to be stable 
over time, while the OPCs were sensitive to small differences in thresholds. 
The OPCs needed re-alignment and recalibration due to involuntary mis- 
alignment on several occasions. Changes should, therefore, be made to the 

mechanical design of the OPC and to the laser alignment procedure to im- 

prove the reliability of OPC calibration and its sizing capabilities. Ideally an 
easy way of detecting a possible problem and fixing it by recalibration that 

can be performed also in the field would enhance the instrument. 
To enhance the accuracy of number concentration measurements in the 

coarse size range, the flow rate of the sample delivered to the OPC could be 
increased, and hence the statistical counting error reduced. Since the OPC 

number concentrations are typically less than 1000 cm-3, this would not 
cause considerable losses due to coincidence errors. Design changes, such 
as the choice of the sampling capillary tube, would need to be considered to 

ensure isokinetic sub-sampling. 

Future Field Trials Further extended field studies with the instrument 

would demonstrate its performance under different conditions. Experi- 

ences gained during such trials will be very useful and help with the sug- 
gested improvements. More side-by-side comparisons with instrument 

standards will provide valuable data sets for further evaluation of the in- 

strument. The instrument's results in such monitoring campaigns would 
also enrich possibilities of the campaign to study detailed aspects of air pol- 
lution, in accordance with its original aim. The instrument could, for exam- 
ple, be used in epidemiological studies where the simultaneous monitoring 
of number and mass of ambient particles would aid the understanding of 
the relations between particle exposure and effects on human health. 

Another important possibility would be to demonstrate the equivalence 
of the gravimetric mass measurement of the new instrument with the gravi- 
metric reference method as defined by EN12341 (1998). It would be valuable 
to study the number concentration, size distribution, and number-to-mass 
conversion in a field test together with a well defined comparison of gravi- 
metric mass measurements. Such a comparison would be a further demon- 

stration of the instrument's performance. 
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duct, see sampling duct 
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filter sampling, 10 
fine particles, 1 
focusing nozzle, 40 

Fuchs correction factor (f (Kn)), 22 

Graetz problem, 19 
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isokinetic sampling, 23 

Kelvin equation, 18 
Knudsen number (Kn), 22,137 

low pressure impactor, 11 

mean free path of air (1), 22,137 
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optical particle counter (OPC), 8, 
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size distribution, 15 
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Reynolds number (Re), 73 

sampling duct, 72 

sampling efficiency, 23 

saturation ratio, 18 

saturator-condenser connector, 56 
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A Design Details 

A. 1 Dimensions and Parameters 

OPC flow system: 
Inlet nozzle diameter 1.0 mm 
Inlet nozzle (before restriction) 5.0 mm 
Capillary tube ID 0.76 mm 
Capillary tube OD 1.59 mm 
Sample flow rate 10 ml-min-1 
Sheath-air flow rate 320 ml"min-1 
Bleed-air flow rate 480 ml"min-1 
Pump flow rate 0.81"miri 1 

Bleed air nozzle diameter 1.2 mm 
Extractor tube diameter 3.0 mm 
Clean-air filter Whatman®: 

PolycapTM TF(75) 
PTFE membrane 
Pore size: 0.2 pm 

Table A. 1: Dimensions and operating parameters of OPC flow system (as used dur- 

ing calibration). The capillary tube is tapered (on the outside) to avoid locally 

turbulent flow when sample and sheath air come together. ID denotes the inner 

diameter and OD the outer diameter of the capillary tube. 
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A. 1 Dimensions and Parameters 

OPC optical system: 
Focal length of cylindrical lens 25.00 mm 

Back focal length 23.09 mm 
Radius of spherical mirror surface 20.0 mm 
Diameter of mirror 25.0 mm 
Half angle of mirror 52.4° 
Distance mirror-sensing volume 9.6 mm 
Distance mirror-detector 27.7 mm 

Table A. 2: Parameters of OPC optical system. 

OPC detector: 

Detector area (BPX65) 1.0 mm2 
Detector area (OSD5-5T) 5.0 mm2 
Operational amplifier OPA655P 

Feedback resistor RF 9.4 MS) 

Cl, C2 1.0 pF 
C3 3 to 40 pF 

Table A. 3: Components and parameters of OPC detector. The photodiode OSD5-5T 

(Centronic) was used in calibration. 
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A Design Details 

OPC light source: 
Laser module LOC-2000 (LaslRvis) 

Laser diode Hitachi, 35 mW 
Laser power (in coll. beam) 25 mW 
Laser wavelength 650 nm 
Focal length of collimating lens 4 mm 

Table A. 4: Components and parameter of OPC light source. 

CPC flow system: 
Capillary tube ID 0.8 mm 
Capillary tube OD 1.2 mm 
Sample flow rate 10 ml-min-1 
Saturator volume 77 cm3 
Flow rate through condenser 400 ml-min-1 
Condenser diameter 5 mm 
Condenser length 64 mm 
OPC focusing nozzle diameter 1 mm 

Table A. 5: Dimensions and operating parameters of CPC flow system (as designed 

for first CPC prototype). ID denotes the inner diameter and OD the outer diam- 

eter of the capillary tube. 
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A. 2 Circuit Diagrams 

A. 2 Circuit Diagrams 

C1 

C3 

Rbias I Photodiode I 1/2RF 1/2RF 

Ubias c Uout 
J65_ 

5 
Rout 

Figure A. 1: Transimpedance amplifier circuit of first OPC prototype. Two feedback 
resistors in series, rather than one, are used to decrease the intrinsic capacitance 
of the feedback. RF is 9.4 Mr), the sum of the two 4.7 MO resistors. Adjusting 
C3 the effective capacitance Ceff =1 of the network formed by C1, C2, 
and C3 can be changed. C1 and C2 were 1 pF, C3 was adjustable 3 to 40 pF; so 
Ceff could be changed in the range 0.03 to 0.20 pR It was adjusted in order to 
allow the shortest rise time working under stable conditions (no oscillation as 
response to a step change at the input). The value of the effective capacitor so 
adjusted was close to its maximum of 0.20 pF. 
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Figure A. 2: Transimpedance amplifier circuit as designed to be used with the OPCs 
of the prototype instrument. Three feedback resistors in series are used to de- 
crease the intrinsic capacitor of the feedback. RF is 9.9 Mn, the sum of the three 
3.3 MO resistors. 
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A. 2 Circuit Diagrams 
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Figure A. 3: Circuit diagram of the peak detector used for the OPCs of the prototype 
instrument. The three operational amplifier used (IC1, IC2, and IC3) compensate 
the DC level of the amplifier output and further amplify the scattering signal. 
The four comparators (IC4 to IC7) implement the thresholds whose levels are set 
by the four variable resistors (RV1, RV2, RV4, RV5). The circuit includes hystere- 
sis for the threshold levels implemented with four variable feedback resistors 
(RV6 to RV9) for the four comparators. The output signals of the comparators 
are used to trigger counters (not shown on this circuit diagram). In case the OPC 
is used with the CPC (as OPC2) only one threshold level is used to detect the 
CPC droplets without sizing. 
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B OPC Alignment 

B. 1 Alignment of First OPC Prototype 

The following describes the procedure followed to align the optical system 
of the first OPC design as described in sections 4.2.1 and 4.2.2. 

The laser module was turned so that the longer axis of its elliptical beam 

shape would be focused by the cylindrical lens and its shorter axis, which 
was approximately 1.5 mm, would remain unchanged and define the width 
of the laser beam at the sensing volume. For the adjustments smoke was 
introduced in the sample air. The mirror in its holder was assembled, while 
the photodiode was removed. In the first alignment step a glass plate was 
fixed over the hole for the photodiode holder (sealed with silicone grease). 
For the further steps the photodiode holder (without the photodiode) was 
mounted to the chamber and a focusing screen covered the hole for the pho- 
todiode (sealed with silicone grease). On this focusing screen the image of 
the sensing volume (the scattered light from smoke in the sensing volume, 
collected and reflected by the mirror) can be observed, which is helpful in 

the alignment process. 
The following procedure was used to align the system: 

1. First the axis of the laser beam is adjusted so that the laser illumi- 

nates the sample air beam symmetrically, i. e. the sample air beam is 
in the centre of the laser beam. Then the laser beam is moved up and 
down along sample air column until it illuminates the sample air at the 
height of the mirror-detector axis. At this point the sensing volume is 

already defined by the intersection of laser beam and sample air col- 
umn. The following alignment steps are performed with mirror and 
detector photodiode, in order to align mirror-detector axis with the 

sensing volume and to adjust their distances to the sensing volume. 

2. The mirror adjustment flange is moved slightly in the two directions 
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B. 2 Alignment of OPC with changed Design 

perpendicular to the mirror-detector axis before it is fixed to the body 

with two screws. This allows minor corrections to the mirror-detector 

axis so that it is aligned with the sensing volume. This is confirmed by 

when the light spot (image of sensing volume) will be centred on the 
focusing screen. If the previous step was performed accurately then 

only movement of the mirror perpendicular to the sample air beam 

is necessary here. At this point of alignment mirror-detector axis, the 

axis of the laser beam, and the centre line of the sample air column 
intersect in one point-the centre of the sensing volume. 

3. The last step is the adjustment of the distances of mirror and photo- 
diode holder to the sensing volume in order to produce a sharp im- 

age on the focusing screen. As the image position is more sensitive 
to changes of the mirror distance (in this OPC configuration), this is 

adjusted prior to photodiode position. The distance of the photodiode 
holder is then changed slightly to optimize alignment. 

The optimum alignment can be achieved by putting the photodiode 
holder in the position where the sharpest image of the sensing volume 
is produced in the centre of the focusing screen (which was located in 

place of the photodiode). 

4. Finally the focusing screen is removed and photodiode (with the am- 

plifier circuit) put in its place. The photodiode holder is then moved to 

correct for the different positions of focusing screen and sensitive area 

of the photodiode. When a thin focusing screen is used on the outside 

of the photodiode holder covering directly the hole for the photodi- 

ode this difference is 0.95 mm (in case of the photodiode OSD5-5T). 

Therefore the photodiode holder needs to be moved outwards by this 

amount. 

B. 2 Alignment of OPC with changed Design 

The following describes the procedure followed to align the optical system 

of the OPC with changed design as described in section 4.2.4 and imple- 

mented in the prototype instrument (see section 4.4.3). 
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B OPC Alignment 

The laser module was turned so that the longer axis of its elliptical beam 

shape would be focused by the cylindrical lens and its shorter axis, which 
was approximately 1.5 mm, would remain unchanged and define the width 
of the laser beam at the sensing volume. For the alignment described in 
the following, the mirror can already be mounted, while the photodiode 
should not be mounted assembled to leave the hole free for observing the 

alignment, which is performed according to the following procedure: 

1. Laser beam is aligned to illuminate sample air column symmetrically, 
so that a section of the sample air column would be illuminated com- 
pletely and the sample air passes through the centre of the laser beam. 
The laser beam is also to be brought in the plane perpendicular to the 
sample air column defined by the mirror-detector axis. The beam is 
therefore adjusted along the axis of the sample air column, always il- 
luminating it symmetrically, until it is in the correct position. This 

alignment step can be aided, rather than using smoke visualization, 
by using a little tool which marks the centre of the scattering chamber 
when introduced through extractor nozzle and fixed in position with 
a pin exactly fitting in the exit hole of the focusing nozzle. Such a tool 

can be made out of cardboard or similar material and the centre of the 

scattering chamber can be marked with cross hairs. While adjusting 
the laser axis using the two sets of three screws that secure the laser 

module in its holder to tilt its axis slightly, the position of the beam 

on the tool can be observed. For safety reasons, this task should be 

performed either by using a video camera or at a very reduced laser 

power. 

2. To perform the next step of alignment, the mirror should be mounted 
and the hole for the photodiode should be covered with a clear plastic 
window securing it airtightly with screws allowing to see inside the 

chamber for flow visualization tests. Although the laser beam should 
now be optimally aligned, it is useful to check the alignment, firstly 
by introducing smoke in the sample air, and secondly by introducing 

smoke in the sheath air, which should show the sheath air column 
equally illuminated by the laser beam with leaving a small dark point 
in the centre marking the position of the sample air column. Should 
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B. 2 Alignment of OPC with changed Design 

the sheath air column not be exactly in the centre of the laser beam 
then the sample air column will not be in the centre as well, and hence 

not in the position of maximum irradiance. In this case the laser beam 

should be adjusted to correct this slight misalignment. 

3. The final step of alignment checks the position of the image of the 

sensing volume. It is performed by adding a focusing screen below 

the plastic window covering the photodiode hole. If this screen is cut 

round to size to fit below the O-ring seal, then it will be at the position 

where the sensitive area of the photodiode will be when mounted. The 

centre of the screen should marked with cross hairs. In case of correct 

alignment, scattering from smoke in the sensing volume should pro- 
duce a sharp image on the centre of the focusing screen. Otherwise 

the alignment can be completed by moving the mirror holder in the 

mirror adjustment flange adjusting its distance to the sensing volume 
to produce a sharp image. Finally, the mirror adjustment flange can be 

moved in the direction perpendicular to the sample air column (and 

parallel to the laser beam) to bring the image in the centre of the fo- 

cusing screen. This should be possible if the previous alignment steps 

were done accurately. If, however it is not possible, indicating that the 
laser beam is not in the plane perpendicular to the sample air column 
defined by the mirror-detector axis, the alignment should be repeated 
(or refined) starting again from the first step. 

187 


