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A review of the European urban air quality levels evidence that particulate matter and NO2 are 

the two critical parameters. Member states identified emissions from road traffic and domestic 

and residential (including biomass burning) sources as the major causes of exceedances of air 

quality standards on these parameters. The presentation shows how different air quality metrics 

evidence the impact of such sources, especially road traffic, on air quality. Special attention is 

paid in source contributions of black carbon and ultrafine particles and on the variability of 

levels of these parameters in remote, rural and urban environments. Other contribution sources 

of ultrafine and nano-particles to exposure are also shown.  

 

The analysis performed evidenced the following conclusions: 

 

1. PM10 (mixture of source contributions) and EBC (equivalent black carbon as obtained 

from aethalometre or MAAP measurements calibrated with EC thermo-optical 

simultaneous measurements, a source tracer for traffic and biomass burning) offer a 

good combination for AQ monitoring, specially because exceedances are registered in 

traffic and biomass burning hotspots. 

2. Given that emission levels of EBC from road traffic have decreased as a consequence of 

the effectiveness of diesel filter traps, EBC also decreased in urban ambient air. Also 

organic compounds have shown to have relevant health impacts. Thus in future EBC 

may be substituted by total carbon measurements. However currently, online total C 

measurements are not so advanced as BC measurements. 

3. Quantitative receptor modeling applied to data sets of PM speciation may offer the 

possibility of setting limit values for PM contributions from road traffic (relatively 

homogeneous emission chemical profiles across Europe). However, EBC measurements 

yield similar information, with real time data, low operational cost and easily to 

standardize method. 

4. Source apportionment analysis on size-number concentration and speciation 

measurements yield quantitative information on N contributions from sources and 

atmospheric processes (Figure1). 

5. Not all current PMx and NO2 limit values protect exposure for high UFP episodes. 

6. The ratio NO2/OC+EC has changed (Figure 2) a lot in the last decade, and probably 

NO2/UFP. This has to be taken into account when using NO2 as a proxy of AQ impact 



of traffic PM and N. In any case UFP measures are necessary currently. May we still 

use EBC measurements as a proxy for UFP? 

7. In future combination of Mini-AMS + BC  + XRF will allow continuous monitoring of 

most components, but for the finest aerosols, UFP measurements will still be necessary, 

specially if toxicity is high 
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Fig.1. Results from source apportionment análisis carried out with receptor modelling showing 
the 2004 annual average source contributions of UFP (10-800 nm) to the ambient air levels at a 
urban background site in Barcelona 
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Fig.2. Mean annual NO2/OC+EC ratios measured in Barcelona from 2004 to 2010. NO2 
measured at Ciutadella urban background and OC+EC measured at CSIC urban background 
site. 
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Commute exposure to ultrafine particles in the city of Basel, 
Switzerland 

 

Background. A better understanding of exposure to ultrafine particles (UFP) in different 

transport microenvironments and the determinants is crucial for epidemiological exposure 

assessments as well as for policy intervention considerations. 

Aim. Our study primarily aims to explore variability in personal exposure to UFP among five 

modes of transportation (bus, tram, car, walking, and bicycle) as well as in urban locations in 

the city of Basel, Switzerland. Additionally, we aim to assess the quantitative contribution of 

various commuter exposure determinants such as meteorological, traffic, route and temporal 

on personal exposures.  

Methods. Three approaches are adopted. Firstly, personal measurements are done in 

different urban areas and transport microenvironments along a predefined route. The routes 

cover different urban areas as well as typical commute microenvironments such as bus stops 

and train stations. Measurements are taken twice a month on a Wednesday and Thursday 

morning in three seasons. Secondly, repeated measurements in various modes of transport on 

the same route are carried out. Samples are collected in three time slots: weekday rush hour, 

weekday non rush hour and weekend. During a measurement day, samples are collected four 

times (twice in each direction) for each mode and each time slot. The length of the route (class 

1 main road) is 2.6km. Finally, the contribution of commute exposure to total daily exposure as 

well as the influence of the route in the commuter’s personal exposure is explored. In 

particular, we investigate the effects of choosing a high and a low exposure route in urban 

streets when commuting by bicycle between home and work place. Measurements were 

carried out in three seasons during different times of the day and week in 2011. A portable 

miniature Diffusion Size Classifier (miniDiSC) is used to measure particle number 

concentration and average particle size in the range of 10 to 300nm.  
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Results. The personal in-transit exposure to UFP on a main road was found generally higher 

during rush hours than outside rush hours with higher levels in the morning. The averages of 

median trip UFP concentrations were higher in car (40’000p/cc), bicycle and walking (29’000-

33’000 p/cc) compared to public transport (22’000-27’000 p/cc). In addition, we observed 

higher variability in exposure for the active modes, especially for bicycle, indicating the 

possibility of multiple exposure determinants. During weekends, the exposure levels were 

similar for all modes (10’000-16’000p/cc). The average particle size distribution diameter in 

transit was 48 ±9nm.  

24-hours personal measurements showed an average daily exposure of 8’000 ±3’071 (particle 

size 63 ±20nm). Mean UFP exposure levels at home and at work were ~7’000p/cc. 

Comparatively, daily outdoor levels at a fixed station in Basel were 11’556 ±2’608 p/cc. 

Traveling along main streets by bicycle between home and work place (~25min) contributed 

21% to total daily exposure in winter and 11% in summer. Avoiding main roads seems to 

reduce the commute exposure by one half in the city of Basel in all seasons. 

Conclusions. Our results indicate an effect of transportation mode, season, time of day and 

week as well as road characteristics on commute exposures. Quantitative assessment of 

potential determinants of commute exposures using various statistical methods is underway. 
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Commute exposure to ultrafine particles: Areas of interest

Health effects  & 
exposure 

assessments

Spatial exposure 
differences

Exposure 
determinants
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Investigation of commute exposure to 
ultrafine particles (UFP) in 2011

1. in different urban areas & transport microenvironments

2. in different modes of transportation

3. Difference between main street & avoid-main-street route

4. Contribution to total daily exposure
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Project „TAPAS“ Transportation, Air pollution, and Physical Activities

Barcelona

Paris

Basel

Copenhagen

Prague

Warsaw

Coordination: 
Centre of Research in 
Environmental Epidemiology 
(CREAL) in Barcelona

www.tapas-program.org
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BASEL

• 171’000 Inhabitants
• Public transport, active transport policies, 

since many years
• ~50% of households without car

5

Air quality levels 2011:
PM10 22 µg/m³
NO2 29 µg/m³

PN 11’160 p/cm³ (background)
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Instruments being used
• MiniDiSC: particle number concentration (10-300nm) & 

average particle size 

• Personal Data Ram (pDR): PM2.5 (filter-based analysis)

• HOBO: Temperature and relative humidity

• GPS

MiniDisc

pDR

Personal pump for pDR

MiniDiSC
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Three measurement approaches have been designed

Approach 1: Different (sub)urban areas and microenvironments

Route Wednesday

Route 
Thursday

3 km

Measurements:
2 pre-defined routes
Jan – Sep 2011

Route 1 Route 2
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Walking outdoors in different urban areas (8days in 3 seasons) 
mean (SD)

adjusted for background PN
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Mode Travel times 
Walking 32 min
Biking 15 min
Tram 11 min
Bus 8 min
Car 7 min

Approach 2: Five modes on the same route during different 
times of the day and week

Length 2.6km

Type Main Road 
(Class 1)
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Modes of transportation: Public Transport & Car

Tram Renault Modus
Petrol powered

Bus 
Diesel & compressed natural gas (CNG) 
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Walking Bike Bus Tram Car

Weekday rush hour  Weekday non rush hour Weekend

Particle Number Concentration by mode of transport & time of the day/week
(mean ± SD)

18 sampling days (6 weekends, 18 weekdays) in spring & fall 2011  
275 trips, based on individual trip medians
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Time-weighted exposure by mode of transport 
during weekday rush hour
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Approach 3: 
24h personal measurements

Commute mode Bicycle
Measurements 24 x 24h-measurements in 3 seasons

Per 24h-measurement 4 commute trips btw home-work during rush hours
► 2 x main street route

► 2 x avoid-main-street route

Commute time 10-15 min per trip
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Contribution of bike commute to total daily exposure 
(time-weighted median exposures)
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Our UFP measurements in Basel suggest…

• Higher exposure levels for car (40’000 particles), bicycle
and walking (29’000-33’000 particles) compared to public 
transport (21’000-26’000 particles)

• Commuting by bike contributes to daily exposures, 
especially in winter (21%)

• Avoiding main streets reduce commute exposure by one 
half
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Outlook

• Analysis of quantitative contribution of exposure determinants

• Commute exposure simulations & refinement of air pollution 
exposure estimates in air pollution exposure assessments 
(SAPALDIA)
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Additional slides
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MiniDisc (Miniature Diffusion Size Classifier)
Number concentration & average diameter (size range 10-300nm)

Principle of operation: Unipolar diffusion, current detection

Time resolution: 1 second
Size: 45×80×500mm

Weight: ~1kg

Battery life: 36h

Company: Institute of Aerosol and Sensor 
Technology, FHNW, Windisch, 
Switzerland
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The Project TAPAS 
Purpose: 
Help decision makers design urban policies that address                                
climate change & promote other health-related outcomes

Focus:
Assessment of conditions and policies that hinder or encourage active travel, and 
resulting health impacts

Underlying idea: 
Shifting the population towards active modes of transportation is promising 
strategy with a potential of

• public health benefits (increase of physical activity)
• improvements in environmental quality 
• Improvements in quality of urban life 

Objective: 
Development of a quantitative model of inter-relationships between active 
transportation policies and public health



 

 

Mobile measurements of number concentrations of ultrafine particles in different Swiss 

cities with the miniDiSC 

 

 

Agnes Richard, Martin Fierz, Peter Steigmeier, Heinz Burtscher 

Institute of Aerosol- and Sensor Technology  

Fachhochschule Nordwestschweiz 

 

 

Mobile measurements can help considerably in obtaining a more precise overview of 

ambient air pollution within cities. Particularly, particle number concentrations can vary 

within small distances and are therefore highly location dependent. Concentration levels are 

influenced by traffic densities, urban conditions (street canyons, green areas) and industrial 

sites. Both, citizens and official authorities can profit from pollution maps based on mobile 

measurements to avoid highly polluted areas in everyday life and to formulate mitigation 

strategies. The calculation of such pollution maps can be done most accurately the more 

data points are available and the higher the spatial coverage is.  

 

With the here presented two research projects we followed two different approaches for 

monitoring air pollution within cities:  

 

Firstly, a long-term research project was established in the city of Zürich to measure particle 

number concentration as well as CO and O3 concentrations. In cooperation with the 

OpenSense project (NanoTera, Computer Engineering and Networks Laboratory of ETH (TIK), 

Aberer, 2010) boxes with miniDiSCs, CO and O3 sensors were installed on the roof of five 

trams in September 2011 (1 box) and early 2012 (4 boxes). The miniDiSC is a handheld 

instrument that was developed at the IAST (Fierz, 2010) and measures the particle number 

concentration, the average particle diameter and the lung deposited surface area with a 

time resolution of 1 second. The measurement boxes are equipped with GPS and GSM 

antennas and a WLAN internet connection to enable data transmission to our database, 

online data control and continuous data download from our webpage: 

https://datalogger.cs.technik.fhnw.ch/feinstaubmessnetz/. Data can also be viewed on the 

PermaSense webpage (http://data.permasense.ch/science.html#science) together with the data 

of the other sensors. There are different possibilities to display the data points, such as time 

series projected on a Google earth map, or a color-coded animation of the varying 

concentrations which are moving along the tram lines on a Google earth map.  

 

To obtain a most complete coverage of the city, the choice of trams was optimized with 

calculations performed by TIK, ETH. Continuous measurements performed throughout one 

year will lead to a differentiated analysis of data according to diurnal and weekday variation 

and seasons of the year. Additionally, different weather conditions can be studied in detail. 

As expected, a clear diurnal variation is visible in the particle number concentration data, 

with two peaks during the morning and the evening rush hours. In contrast, the average 

particle size has two minima during these rush hours, indicating that traffic generated 

combustion particles have a smaller average size.  

 



Eventually the collected particle number concentration data will be used together with the 

coordinates obtained from the GPS measurements for interpolations with the geo-statistical 

Kriging Algorithm (Pebesma, 2004) to obtain a pollution map of the city of Zürich. Other 

methods such as land use regression including information on streets, buildings and green 

areas can also be explored to reach a better prediction of pollution levels in areas where the 

sensor coverage is low (especially in the outskirts of the city).  

 

 

In addition to these long term measurements in Zürich, random walks in eight Swiss cities 

were performed by the Verkehrs-Club der Schweiz (VCS) and the Vereinigung Ärzte und 

Ärztinnen für Umweltschutz (AefU). They were initiated to obtain snapshots of ambient air 

pollution exposure scenarios of pedestrians in everyday situations in the following cities: 

Basel, Bern, Biel, Chiasso, Geneva, Lausanne, Lucerne and Lugano. The test-parcours were 

designed such that different areas of the city were chosen, both quite residential areas as 

well as highly trafficked street crossings. The miniDiSC was equipped with a GPS/GPRS 

extension which allows for tracking the mobile measurements. Furthermore, a 

PersonalDustMonit was employed by the VCS in these walks to measure the particle mass 

concentrations PM10, PM2.5 and PM1. The walks were made at different times of the day and 

different weather conditions, so that a comparison of the results within the different cities is 

not possible.  

As was expected, particle number concentrations showed a high variability, but also PM 

concentrations were highly variable, which most probably has to be attributed to re-

suspended road dust while measuring directly on busy streets in a height of less than 2m. 

Due to this, these pedestrian walks through different cities are snapshots which cannot be 

extrapolated to generate a general conclusion.  

 

We believe that particle number concentration and the lung deposited surface area (LDSA) 

represent two measurement parameters that are more relevant for health effects than 

particulate matter. With the here presented approaches we try to complement the point-

wise measurements taken by fixed monitoring station and try to help in obtaining a better 

understanding of distribution of ambient air pollution within the city of Zürich.  
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Mobile measurements of 
number concentrations of ultrafine particles 

in different Swiss cities with the miniDiSC



Motivation

• Mobile measurements

• Alternative measures to particle mass: particle number (PN) 
& lung deposited surface area (LDSA) which might be more 
relevant for health effects

• From snapshots to monitoring PN throughout a year

• Generate a „pollution map“ of the city of Zürich to enable a 
choice of the least „polluted path“

• Seasonal and diurnal variation / variation due to meteo 
conditions

• Split the city of Zürich in zones of different pollution 
exposure (GIS info)



Air pollution is highly location-

dependent

– traffic density

– distribution of buildings       
(street canyons)

– industry 

Expand system of fixed monitoring 

networks (NABEL, OstLuft, UGZ,…) 

with mobile measurements 

(location-dependent, real-time)

• Official uses

– location of pollution sources

– incentives to reduce 
environmental footprint

– public health studies

• Citizen uses

– advice for outside activities

– assessment of long-term 
exposure

– pollution maps

PM map, source: http://www.stadt-zuerich.ch

Air pollution monitoring



• Particle number concentration,  

average particle size and lung 

deposited surface area (LDSA)

• Particle size: 10 – 300 nm 

• Time resolution: 1 sec 

• Developed at IAST/FHNW

• New: GPS/GPRS extension

Charger
Diffusion
stage

Pump
Filter 
stage

Detectable current (fA)

miniDiSC (miniature diffusion size classifier)



Testparcours VCS/AefU

Project idea:

• «Snapshots» of everyday 
situations

• Measurement of UFP with 
miniDiSC (10-300 nm; /1 sec)

• Measurement of PM with 
PersonalDustMonit             
(PM10, 2.5, 1; /1 min)

Limitations:

• Comparability of cities is not given: different meteo conditions / 
time of day / urban conditions / traffic densities

• PM data showed unexpectedly high variation

Chiasso



Date: 3. March 2012
Time: 9:30 – 12:30 
Weather: sunny, strong West wind, -7°C

Kreuzplatz 
(traffic jam, 

HDV)

Rue du Canal 
(dense traffic)

Bahnhofstrasse 
(no cars, only

buses with DPF)

Start

End

Moto

Example: city of Biel

Rue du Canal 
(dense traffic)

Close to 
Kreuzplatz

Kreuzplatz 
(way back)

PM data: VCS, PersonalDustMonit



5 boxes (July/Aug 2012:  10 boxes)

– Sensors: particle number concentration (miniDiSC), O3, CO, 
temperature, humidity, accelerometer

– GPS

– Communication: WLAN, Ethernet and GSM

OpenSense boxes on Trams

Antenna

PN-Sensor
Cover

CO-Sensor
Cover

O3-Sensor
Cover

Courtesy of TIK/ETH
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Which routes to pick for installation of OpenSense nodes 
to cover the city well?

City scale coverage



Choice of trams: optimization results

Optimally selected 10 trams
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Webpage

https://datalogger.cs.technik.fhnw.ch/feinstaubmessnetz/



Programmed by Martin Fierz
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Diurnal variations

=> Traffic rush hours visibile (time = UTC)...
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Gridding (Kriging)

• Geo-statistical method to determine most probable value at each 
grid node based on statistical analysis of entire data set

• Assumes that unknown function is a realization of a Gaussian 
random spatial processes

Challenges: 

– Trams are not uniformly distributed in Zürich/Grid not evenly 
dense => quality of gridding / errors

– Geospatial information should be included 

– Reduced data set (1min averages, median values for a grid with 
smaller density)

( )αuZ



First Kriging results (trams)
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First Kriging results (bicycle)



Conclusion & Outlook

• High variability in data

• Repetetive measurements are needed

• Land-use regression (include other variables such as traffic 
and population density, landuse: percentage of buildings, 
number of floors of buildings, type of heating used in 
buildings...)

• Order by: 

– hour of day

– day of week

– Seasons

– meteo conditions, ...

• Use data for other calculations



Thank you very much 
for your attention!

Links:

http://www.lungenliga-zh.ch/

opensense.ethz.ch

data.opensense.ethz.ch

datalogger.cs.technik.fhnw.ch/feinstaubmessnetz



High Temperature Condensation Particle Counter (HT-CPC) 

Kanchit Rongchai and Nick Collings 
Department of Engineering, University of Cambridge 

 
Condensation Particle Counters (CPCs) are commonly used to measure the number 
concentration of airborne nanoparticles in various applications. A typical CPC consists of 
three major stages. They are: a saturator where an aerosol sample is saturated with vapour of 
a fluid e.g. butanol; a condenser where the temperature is reduced, and the vapour becomes 
supersaturated and the particles grow to optically detectable sizes by condensation of the 
vapour on particle surfaces; and an optical particle counter (OPC). The working temperature 
of the saturator and the condenser of a typical CPC are not very far from ambient (e.g. for a 
Butanol-based CPC, about 35 C and 10 C respectively).  
 
This work is connected with the development of a CPC that is insensitive to volatile particles. 
The concept is to operate the prospective CPC using an appropriate condensing fluid at such 
a high temperature that volatile material is evaporated or prevented from condensing. The 
obvious application is measurement from internal combustion engines, where the European 
legislated particle number method (PMP) requires a complex system for the removal of 
volatile material and cooling of the sample to ambient temperature, prior to measurement by 
a conventional low temperature CPC. If the high temperature CPC is successful, it could 
replace the PMP system with a single device. 
 
The study involves design, selection of a working fluid, theoretical modelling, construction 
and testing of a high temperature CPC.  
 
Design and selection of a working fluid 

 
Supersaturation in the condenser of a CPC can be achieved by two different ways: first 
cooling of a heated saturated flow as exemplified by slowly-diffusing butanol vapour and 
second, wet-heating of a cool saturated flow as achieved by fast-diffusing water vapour. For a 
high temperature CPC, the former has been chosen because a high temperature vapour is 
likely to diffuse slowly. Moreover, since the OPC is attached directly to the heated 
condenser, it will be easier to thermally isolate it from the condenser. 

 
A fluid for the high temperature CPC should have the operating temperature sufficiently high 
to avoid homogeneous nucleation of volatile material. Secondly, the mass diffusivity of the 
fluid must be lower than the thermal diffusivity of the carrier gas.  Thirdly, it must be 
thermally and chemically stable at high temperatures. Fourthly, its vapour pressure at the 
working temperature must be appropriate, i.e. not too low to grow particles but not too high, 
in order to minimise fluid waste. Lastly, the fluid ideally must be non-toxic. Furthermore, it 
would be convenient for instrument transport if the fluid is solid at room temperature.   

 
The question of how hot should a high temperature CPC be is not easy to answer – one 
approach would be to consider the PMP requirement for removing volatile particles. This 
states that less than 1% of 30 nm tetracontane (C40H82) particles with an inlet concentration of 
at least 104 cm-3 should be detected. This concentration of particles, when fully evaporated, 
would give a vapour pressure equivalent to that of saturated tetracontane at about 90  C. 
Though of course it depends on the actual sample composition, it seems plausible that a CPC 
condenser temperature of 150 C or more would be satisfactory, especially as in most 
situations hot dilution will be required to ensure single particle count mode from the OPC. 



Di-Ethyl-Hexyl-Sebacate (DEHS) has been selected as a fluid candidate for a high 
temperature CPC because its boiling point is sufficiently high. Although DEHS was found to 
react appreciably with oxygen at elevated temperatures, using nitrogen as the carrier gas 
allows a significant test duration, but not sufficient for a practical instrument. The mass 
diffusivity of DEHS in nitrogen is significantly smaller than thermal diffusivity of nitrogen, 
making it suitable for a cooling type condenser. DEHS vapour pressure is low at high 
temperatures, i.e. ~0.3% of ambient at 230  C. Moreover, it is non-toxic and commonly 
available. 

 
Typical operating conditions for the HT-CPC are shown in figure 1. The saturator and 
condenser temperatures are at 230             C respectively, the total flowrate is 0.366 l/min 
with an aerosol sample of 6% of the total flowrate introduced at the bottom of the condenser 
centre. Particle-free nitrogen gas is used as the carrier gas.  

 

 
 

Figure 1. Typical operating conditions for the HT-CPC 
 

 
 

The supersaturated region in the condenser where particles are grown, is modelled by 
numerically solving the heat and mass transfer equations based on the finite difference 
method. The model was found to be in good agreement with an alternative model due to 
Stolzenburg and McMurry (1991).  
 
Assuming that all activated particles grow to detectable sizes, the counting efficiency is equal 
to the activation efficiency. Using the contour of Kelvin-equivalent activation diameter and 
particle concentration profile due to diffusion, the activation efficiency is the number of 
activated particles divided by the total inlet particles.  

 
The simulations suggest that the HT-CPC will be able to grow and detect fine solid particles. 
For the typical embodiment, the saturation r tio  lo g  the co  e  s er’s ce treli e  is shown in 
Figure 2. Particle growth was modelled by the mass and heat balance at the droplet surface, 
following the approach of Ahn and Liu (1990). The growth profile of a 23 nm solid particle is 
shown in Figure 3. 



 
 

Figure 2. Saturation ratio along the centreline of the condenser. 
 

 
 

Figure 3. Particle growth along the condenser. 
 
Experimental Study  

 

NaCl particles classified by a Differential Mobility Analyzer (DMA) were introduced to the 
HT-CPC when the saturator and condenser were kept at 215  C and 160  C respectively. Using 
a TSI 3775 butanol CPC as a reference, the measured and theoretical counting efficiency of 
the high temperature CPC as a function of particle electrical mobility diameter is shown in 
figure 4.  
 

 
 

Figure 4. Counting efficiency of the HT-CPC  



When the saturator and condenser were kept at 230  C and 180  C respectively, tetracontane 
particles were introduced to the HT-CPC without sample pre-heating. It was found that about 
99% of tetracontane particles of electrical mobility diameter 7 – 310 nm at concentration 
higher than 104 #/cc were not counted while nearly all NaCl particles were counted. Particle 
concentration measured by the HT-CPC corrected for diffusion loss in the sampling line and 
by the reference butanol CPC is shown in figure 5 and the counting efficiency of tetracontane 
particles is shown in figure 6.  
 

 
Figure 5. Tetracontane particle concentration as measured by  

the HT-CPC and the reference butanol CPC 
 

 
Figure 6. Counting efficiency of tetracontane particles  

at high concentration ( > 104 #/cc) and low concentration ( < 103 #/cc)   
 
Conclusions 

 
A HT-CPC using Di-Ethylhexyl-Sebacate (DEHS) as the working fluid running at 230/180 
⁰C has been built and tested. The measured counting efficiency for NaCl particles (solid 
particles) agrees well with model predictions. Tetracontane particles of electrical mobility 
diameter range 7nm – 310nm at concentration higher than 104 #/cc were removed with about 
99% efficiency, even without sample pre-heating or dilution. DEHS is not suitable due to 
thermal decomposition. However, the DEHS CPC has successfully demonstrated the HT-
CPC concept, though not as yet on combustion-generated particles.  
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Motivation 

• European legislated particle number method (“PMP”) requires a 
complex system for the removal of volatile material, and cooling of 
the sample to ambient temperature, prior to measurement by a 
conventional CPC. 

 

• This work is concerned with development of a HT-CPC that is 
insensitive to volatile particles (even though the PMP legislation 
would not allow the use of such an instrument as written), and 
permits “hot” inlet conditions. Whether or not such an instrument 
has relevance to PMP is not addressed here.  

 

 

 kr298@cam.ac.uk 



The CPC - Principle 
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 The essence of a CPC is to grow nanoparticles to a size where they can 
be optically detected. 



 Water CPC 

• Fast diffusing  water molecules 

• Heating is slow than water diffusion to the 
flow 

Mass diffusivitywater-air > Thermal diffusivityair 
 

 

 Butanol CPC 

• Slowly diffusing  butanol molecules  

• Cooling is faster than Butanol diffusion loss to 
the wall 

Mass diffusivitybutanol-air <  Thermal diffusivityair 

 

 

 

How does a CPC create supersaturation?  

kr298@cam.ac.uk 

Butanol 

C
oo

l 

Hot 

C
on

de
ns

er
 

Saturator 

Particle-free 
Carrier Gas  

H
ot

 
C

oo
l 

C
on

de
ns

er
 

W
at

er
 s

oa
ke

d 
W

al
ls

 

Particle-free 
Carrier Gas  



 The diameter (dk) of a droplet of the pure condensing 
species in equilibrium with its vapour, at saturation 
ratio S and temperature T, is given by the Kelvin 
equation: 

    γ  = liquid surface tension  
   Μ = molecular mass 
   ρ  = liquid density 
   R = universal gas constant 

  

 This is equivalent to the Activation Diameter of a 
particle readily wetted by the condensing vapour. 

 Activation diameter will be larger for particles not  
readily wetted by the vapour. 
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The CPC – Particle growth activation 

s = sk 



The HT-CPC – Requirements  

Desirable characteristics 

• Operating temperature sufficiently high to 
avoid nucleation of all volatile material, 
without the need for upstream removal. 

• Mass diffusivity of fluid < thermal diffusivity 
of carrier gas  

• Fluid stable at high temp, and in presence 
of oxygen etc. Non-toxic. 

• Fluid vapour pressure appropriate at 
working temperature 

• (Fluid solid at room temperature – no more 
CPC transport issues!) 
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Cooling Type Condenser 
-   High boiling point fluids 
are  likely to have low mass 
diffusivity 
 

-   Optical Counter easier to 
keep at a safe temperature 



How hot should a HT-CPC be? 
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• For example (borrowing the 
PMP tetracontane test) if 
104 #/cc C40H82 particles 
with dp = 30 nm are fully 
vapourised, psat ≈ 4.5x10-7 
Pa, corresponding to tsat ≈ 
90 ⁰C (≈ 360K). 

• Perhaps 150 ⁰C would be 
“safe” (psat ≈ 4x10-3 Pa) 

 

 

Tetracontane 

• Difficult question! (Even without considering (hot) dilution in order to 
maintain single particle count mode.) 

• Experience suggests that at >= 150 ⁰C, no nucleation particles from a 
real-life engine sample will survive. 



First test fluid - Di-Ethyl-Hexyl-Sebacate  (DEHS) 
 

• High boiling point  ~ 377°C 

• Mass diffusivity (DDEHS-N2 )  = 0.069 cm2/s  (predicted) 

• Thermal diffusivity (of N2) (α)  = 0.47 cm2/s . 

• Vapour Pressure at 230 °C is ~0.3 kPa (i.e. ~0.3% of ambient) 
(For butanol at 40 °C ~ 1.7% ) 

• Non-toxic 

• Unfortunately, DEHS was found to react appreciably with oxygen at elevated 
temperatures. Using nitrogen as the carrier gas allows a significant test duration 
but not sufficient for a practical instrument 
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C26H50O4  



Modelling – Saturation ratio 

 Radial position (r) 
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Stolzenburg & 
McMurry (1979) 

Our model 

• The model we have developed solves heat and vapour transfer in the 
condenser for the profiles of temperature, vapour pressure and hence 
saturation ratio. 
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 (Comparison – using Butanol as the working fluid,  Tsaturator = 35 ⁰C, Tcondenser = 10 ⁰C ) 

 



Typical operating conditions 

Qaerosol 

Qtotal  
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Saturator 

DEHS 

Tsaturator   = 230 ⁰C 
Tcondenser  = 180 ⁰C 
Qtotal = 0.366 l/min 
Qaerosol = 6% of Qtotal  

SiC – DPF brick 



Modelling –  Counting efficiency 
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• Assuming that all activated particles grow to detectable sizes, the counting 
efficiency is equal to the activation efficiency. 

• Using the contour of Kelvin-equivalent activation diameter and particle 
concentration profile due to diffusion, the activation efficiency is 
#activated particles / #total inlet particles. 
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Modelling –  Counting efficiency 
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 Theoretical counting efficiency for solid particles 
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Experiment 
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Experimental Set-up 
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 Tsaturator   215 ̊C 
Tcondenser 160 ̊C 
 

 Counting efficiency of solid particles (NaCl) 
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Experiments – Tetracontane Particles 
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 Counting Efficiency (data corrected for diffusion losses and counting efficiency) 
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Thoughts on alternative working fluids 
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• It seems that pure hydrocarbons/alcohols are unlikely to be stable 
enough at the temperatures required – though as with IC engine 
lubricating oils, suitable additives might result in an acceptably stable 
fluid. 

• Other possibilities could be: 

• Silicone oils (siloxanes), DC705 

• Perflurocarbons (e.g. perfluorohexadecane, C16F34 ) 

• Perfluorotrihexylamine (C18F39N), Fluorinert FC-70 (a 3M “electronic 
liquid”) 

• These are cheap, mass-production compounds. 



Conclusions 

kr298@cam.ac.uk 

• A HT-CPC using Di-Ethylhexyl-Sebacate (DEHS) as the working fluid 
running at 230/180 ⁰C has been built and tested. 

• The measured counting efficiency for NaCl particles (solid particles) 
agrees well with model predictions. 

• Tetracontane particles of electrical mobility diameter range 7nm – 
310nm @ concentration higher than 104 #/cc were removed with about 
99% efficiency, even without sample pre-heating or dilution. 

• DEHS is not suitable due to thermal decomposition 

• However, the DEHS CPC has successfully demonstrated the HT-CPC 
concept, though not as yet on combustion-generated particles. 
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 Theoretical counting efficiency 
of the a butanol ultrafine CPC.  

 

Butanol CPC theoretical counting efficiency 

Stolzenburg and McMurry  (1991) , An Ultrafine Aeriosol 
Condensation Nucleus Counter, Aerosol Sci and 
Technology, 14:1, 48 - 65 

Steep step cut off due to sheath flow  

unsheathed 

sheathed 



• Response to a step 
decrease in particle 
concentration at sampling 
period of 50 ms 

• Time response of the HT-
CPC depends on particle 
concentration, flowrate and 
sampling period. The T90-10 
should be very fast, < 50 
ms (for flowrate 1l/min).  

 

Time response measurement 

NaCl particles 

Ambient particles 



Modelling –  Counting efficiency 
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 Theoretical counting efficiency for solid particles 
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Modelling – Volatile evaporation  
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*  Fuchs and Sutugin (1970) 

 

• Volatile evaporation in the entire continuum, transition and free 
molecule regimes is modelled by heat and mass balance on the particle 
surface.* 

 

• Tetracontane ( C40H82) as the challenging particle 



the High Temp-CPC System 
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Homogeneous nucleation 

• Classical Theory of Homogeneous Nucleation is expressed in 
terms of bulk and surface contributions. 

• The nucleation rate  J = K exp(-ΔG*/kT) 

 - the formation free energy of critical clusters (ΔG*) 

 - the kinetic factor  K = the impingement rate of vapour 
molecules onto the surface area of the critical cluster 

• Advantage of the Classical theory 

 - we can use macroscopic properties of the species. 

* Viisanen Y and Strey R (1994) Homogeneous Nucelation rates for n-butanol, J. Chem Phys 101 (9) 



Experiment – Tetracontane Particles. Removal 
efficiency without sample pre-heating. 

Tetracontane number concentration measured by the HT-CPC 

~99% 
removal 



Experiments –  Tetracontane Removal Prediction 
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• Tetracontane Particle Diameter along condenser centreline 

 For Tetracontane  
(C40H82)  particle 
concentration  
104 #/cc 

 Simulation suggests  
small particles will 
evaporate  completely  
but larger ones  will be 
activated to grow. 

  

Inlet Exit 

500 nm 

2 μm  

10% 100% 

Growth   

Activation 

1 μm  

0% 



Experiments 
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* Hinds (1998), Aerosol Technology 

• Lifetime comparison  

 

 

 

 

 

 

• Therefore, the prediction is physically reasonable. 

Initial 
Diameter 

(nm) 

Particle Lifetime (ms) 

Ethanol  
@20̊ C 

Water 
@20̊ C 

Tetracontane 
@ High Temp CPC 

10 0.0004* 0.002* 0.011 

100 0.009* 0.030* 0.16 

800 - - 10 



Tetracontane – evaporation in the HT-CPC 

Tetracontane 



Tetracontane – evaporation in sampling tube 

Tetracontane 

Sampling tube length %  
(L = 2 cm, diameter = 2 mm) 



Saturation ratio in the condenser’s centreline 

For the HT-CPC running at the typical conditions 230/180 ̊C 



Butanol and DEHS properties 

Butanol DEHS Units 

Tsat - Tcon 40 - 10 230 - 180 C 

Operating Temperature (average Sat and Con) 25 205 C 

Vapour Pressure at Topt 615.53 75.16 Pa 

Vapour Pressure at Tsat 1769.7 277.71 Pa 

Vapour Pressure at Tcon 181.0104 17.29 Pa 

Air Thermal Diffusivity (α) 2.17E-05 5.04E-05 m2/s 

Diffusivity in air (Dif) 8.70E-06 7.25E-06 m2/s 

(Dif/α) 4.01E-01 1.44E-01 

Enthalpy of vaporisation 707290 110531 J/mol 

density 805.85 784.3 kg/m3 

Boiling point 117 377 C 

surface tension 0.0239 0.0292 N/m 
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