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Abstract 

Some Nanoparticles have been shown to cause adverse health effects. Assessment of 

personal exposure to these nanoparticles is a major step towards evaluating this potential 

risk. Assessment measurements of fine and coarse particles have been carried out mainly 

with samplers consisting of a miniaturized impactor with a defined cut off size followed by a 

filter for off-line weighing. This approach is unsuitable for nanoparticles due to their low mass. 

One applicable way of sampling nanoparticles is by employing the principle of 

thermophoresis. 

In this thesis, a personal sampler (Thermal Precipitator, TP) which thermophoretically 

samples particles, was developed based on CFD-modelling. The objective was to uniformly 

deposit a representative sample of nanoparticles on a substrate to simplify the subsequent 

off-line Scanning Electron Microscopy (SEM) analysis by minimising the analysis time. 

Numerical simulations provided information about the deposition characteristics and this was 

used as the basis to develop the sampler. 

Laboratory tests were carried out with the TP using monodisperse PSL particles of 95,6 nm 

and 305 nm in diameters as well as polydisperse soot particles in the size range of about 14 – 

98 nm. The particles were sampled with the TP on substrates and later analysed by SEM. 

Different locations along the entire length of the substrate were investigated. A more detailed 

analysis was made of the evaluation region on the substrate, where a uniform deposition of 

particles is expected according to the prior modelling. 

Experimental results show a homogeneous deposition of particles up to a size range of 

300 nm in the evaluation region independent of particle material type as well as the 

orientation of the device during sampling. Independence of deposition is important since the 

worker is mobile in all directions  

Unlike with an older version of the TP where up to 32 SEM images of its non-uniform particle 

deposition had to be evaluated to obtain an average particle size distribution, an evaluation of 

the uniform deposition with the new TP is much more simplified, remarkably reducing the time 

and cost of the evaluation, while improving the statistics of the results. 
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1 Introduction and motivation 
The use of nanoparticles in new applications and products has continued to increase rapidly 

over the last decade. Nanoparticles here denote all particles < 100 nm diameter in at least 

one dimension independent of their state of agglomeration. Their unique properties which 

include high surface area to volume ratio enable new and previously unknown applications. 

According to the Woodrow Wilson database (www.nanotechproject.org, March 2011), the 

enlisted number of nanotechnology-based consumer products has continued to rise at a 

regular pace from about 50 enlisted products in 2005 to over 1300 in 2011. These products 

come from all sections of the industry from health and fitness, to automotive, food and 

electronics. 

Some nanoparticles have however also been reported to potentially induce adverse health 

effects (Donaldson et al, 1998, 2002; Oberdörster, 2001; Oberdörster et al., 2002; Gilmour et 

al., 2004; Borm et al., 2006) and the need for thorough risk assessment has been identified 

(Maynard and Kuempel, 2005). The risk of nanoparticles is not only a function of their 

potential hazard, but also of the exposure thereto. Minimizing any risk from nanomaterials, 

including nanoparticles will enhance the acceptance of nanoproducts and therefore contribute 

to a sustainable development of this emerging technology. Assessing the exposure to 

nanoparticles, e.g. at workplaces during nanoparticle production or handling, is therefore one 

important step towards a sustainable nanotechnology (Fissan, 2008).  

In general there are several ways of assessing exposure to nanoparticles. Exposure can be 

measured by stationary measurements, using established aerosol monitoring equipment. 

Kuhlbusch et al. conducted one of the first thorough studies on particle characteristics in bag 

filling areas (2004) as well as in reactor and pelletizing areas (2006) of soot production. The 

measured particle and aerosol quantities included number size distribution, mass 

concentration and chemical composition of the particles. Exposure measurements with high 

spatial resolution can be performed by mapping, whereby the particle number concentration 

and/or size distribution is measured with mobile instruments, while at the same time the exact 

measurement location is recorded. As a result, maps can be constructed of the area of 

interest, showing the spatially resolved particle number concentration. Peters et al. (2006) 

used condensation particle counters and optical particle counters to map both the number 
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and mass concentration in an engine machining and assembly facility. In a later study, Evans 

et al. (2008) used the same technique to map number and mass concentrations in an 

automotive grey iron foundry. In both studies this technique allowed the investigators to 

identify particle sources within the respective investigated facility. Most of these on-line 

methods for assessing the exposure to nanoparticles make use of equivalent properties such 

as the electrical mobility or the aerodynamic diameter of the particles. The morphology and 

diffusion equivalent size of the measured nanoparticles can be at best approximated with 

such methods. All these methods do not take the movement of the worker and change in 

particle concentration into account. These types of exposure measurements are therefore not 

suitable in determining the exposure of a mobile worker. 

Another big challenge in assessing nanoparticle exposure is the ever-present (sometimes in 

very high concentration) background ultrafine particles which may be as a result of e.g. 

combustion, evaporation and/or condensation processes. These high background 

concentrations can sometimes overwhelm the concentration of the present engineered 

nanoparticles such that an accurate measurement of the released nanoparticles is very 

difficult especially using on-line measurement techniques. The process which leads to the 

release of ultrafine background particles is also more often synchronous with the activation of 

the potential nanoparticle source. Kuhlbusch et al. (2004) tried to distinguish the ever-present 

background particles from the released particles in bag filling of soot production in the 

workplace, by performing a secondary simultaneous measurement at a location 

representative for the background. They showed that butane gas powered forklift can be a 

dominant source of ultrafine particles. In an engine machining and assembly facility, Peters et 

al. (2006) found very high concentrations in the order of 106 1/cm3 in supply air heated by 

natural gas burners compared to the ultrafine particle number concentrations attributed to 

metal-working operations ranging from 2.5*105 to 7.5*105 1/cm3. 

A way of assessing the personal exposure of workers to (nano-) particles is by the use of 

personal particle samplers, taking samples in the breathing zone of the worker. Especially in 

the context of epidemiological or risk assessment studies, personal sampling methods 

provide a more accurate picture of the exposure of a worker to nanoparticles. Due to the off-

line analysis method of most personal samplers, background particles can be differentiated 

from engineered nanoparticles through subsequent electron microscopic analysis of the 
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sample. The morphology and chemical composition of the measured particles can be 

evaluated more accurately with similar off-line techniques. Personal particle samplers have 

been widely used in a large variety of versions. Most common versions consist of a 

miniaturized impactor with a defined cut off size and an after filter. In an impactor, particles 

are deposited according to their inertia. An impactor can be designed to deposit all particles 

above a certain cut off size and let all smaller particles penetrate e.g. to be collected on an 

after filter for consecutive analysis. Common commercial personal impactor samplers (e.g. 

Model 200 Personal Environmental Monitor, MSP Corp., Shoreview, MN, USA) use single 

stage impaction with cut off sizes in the micrometer size range, in case of the MSP impactors 

either 2.5 µm or 10 µm. Sioutas et al. (1999) designed two impactors with cut off sizes of 

2.5 µm and 1.0 µm, respectively. Other personal impactor samplers use several stages with 

different cut off sizes to further differentiate the size fractions (Rubow et al., 1987; Misra et al., 

2002; Lee et al., 2006; Wu and Vincent, 2007; Tsai et al., 2008). The deposited material on 

each stage can further be analyzed for its mass and chemical composition. All these impactor 

samplers have the common characteristic that the particles collected on the impaction stages 

are much larger in size compared with nanoparticles because of the very low inertia of 

nanoparticles. While sampling nanoscale particles by impaction is generally possible by 

reducing the pressure (Hering et al., 1978, 1979; Keskinen et al., 1992), this is not feasible for 

personal samplers because of the requirement of a larger pump causing significantly 

increased power consumption.  

Another way of sampling particles for consecutive analysis is by electrostatic precipitation. 

Cardello et al. (2002) presented a personal wire-tube electrostatic precipitator (ESP) and 

showed that the collection efficiency is  95 % for all particles  15 nm if an appropriate flow 

rate was chosen. In the ESP, particles are charged by a corona discharge surrounding a wire 

electrode. This corona discharge is known to produce ozone and oxides of nitrogen (Viner et 

al., 1992; Martinez and Brandvold, 1996; Boelter and Davidson, 1997; Asbach et al., 2005), 

which may be irritant if used in a personal sampler. Furthermore such an ESP requires the 

use of a high voltage, which may reduce its acceptance.  

If time resolution is considered in addition to the spatial resolution, the possibilities get very 

limited. Patashnick et al. (1980) developed a personal oscillating microbalance (TEOM series 

3600 personal dust monitor) to monitor the time-resolved personal exposure to the total 
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particle mass concentration of miners. The unit has been specifically designed for coal mines 

and shown to be in good agreement with the US coal mine respirable dust sampler (Page et 

al., 2008). Particle number concentrations prevailing in coal mines are usually very high and 

the instrument was therefore specified to have a mass concentration sensitivity of 50 µg/m³ 

for 30 minute averaging time, according to the manufacturer. For a 100 nm soot particle for 

example this sensitivity equals a very high number concentration of about 5.3*104 1/cm³ and 

therefore makes this instrument insensitive to nanoscale particles. 

Qi et al. (2008a) recently presented a sophisticated personal sampler system to monitor the 

time resolved particle size distribution. The system comprises an electrical mobility based 

classifier and a miniaturized particle charger (Qi et al, 2008b). If the two devices are used 

along with a particle counting device downstream of the classifier, the system delivers particle 

size distributions of particle sizes between 10 nm and 200 nm. However, the instrument is still 

in a rather infant state and also uses high voltage as well as a corona discharge that 

produces ozone and NOx. 

Another personal sampler which has been effectively used to collect nanoparticles is a 

Thermal Precipitator (TP). In general, a TP is a device that collects particles by applying the 

principle of thermophoresis which arises from inhomogeneous thermal diffusion of aerosol 

particles against a temperature gradient in a gas. TPs have the advantage that the particle 

deposition is independent of electrical charges. This means that for a sufficiently high 

temperature gradient all particles within the required size range will be deposited. 

Furthermore due to the very low thermophoretic velocity in comparison with an electrophoretic 

velocity for example, the particles are deposited rather gently thereby retaining the 

morphology of agglomerates which for higher velocities may be otherwise dispersed on 

collision with the collection surface (substrate). This characteristic of gentle particle deposition 

also best simulates the deposition of particles in the lungs. TPs have been used for decades 

already to sample aerosol particles (Orr and Martin, 1958; Gonzalez et al., 2005; Lee et al., 

2008). They have also been designed for occupational exposure monitoring or personal 

exposure measurements in the micrometer size range (Roach, 1959; Sherwood and 

Greenhalgh, 1960; Cherrie, 2003). The difficulty with such methods of exposure 

measurement which involve particle sampling and subsequent analysis is the complexity of 

the analysis routines. In some personal samplers, where the deposition is size dependent or 
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inhomogeneous, quantitative Scanning Electron Microscopic (SEM) analysis of such a 

sample becomes very difficult and time consuming due to the many SEM images which have 

to be examined in order to get a complete picture regarding the morphology and size 

distribution of the sample.  

This thesis describes the development of a new Thermal Precipitator (TP) as a personal 

sampler built to effectively sample particles homogeneously on a substrate, with a known and 

constant temperature gradient and flow rate, in order to simplify subsequent analysis routines. 

Chapter 2 of this thesis gives a summary of available exposure measurement techniques and 

instruments and also describes why and where thermophoretic particle sampling is 

advantageous with respect to the other measurement techniques described. Chapter 3 

describes the TP in detail and chapter 4 outlines the analytical and numerical modelling which 

forms the basis for the design and construction of the new TP. The design and construction of 

the TP is also described in this chapter 5. In Chapter 6, the new TP is experimentally 

evaluated and validated in the laboratory with defined monodisperse particles and with 

polydisperse soot particles in the smaller size ranges up to about 98 nm. Chapter 7 then 

summarizes the thesis while giving an outlook of future applications using the TP. 
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2 Background on exposure measurement techniques 

and instrumentation 
Measurement methods for detection of airborne nanoparticles can be categorised as on-line 

or off-line assessment methods. These methods may be used for different exposure metrics 

such as number concentration (total and size-resolved), mass, surface area and chemical 

composition. Most exposure measurements have used either on-line techniques to determine 

particle size distribution (Wake et al., 2002; Kuhlbusch et al., 2004, 2006; Möhlmann, 2005) or 

offline techniques like thermal or electrostatic precipitation, diffusion/impaction or filtration and 

subsequent particle characterisation (Plitzko, BIA Report 7/2003e; Gnewuch et al., 2008). 

Basically, various physical and/or chemical properties of aerosols can be determined with 

especially particle size distribution and number concentration being physical properties of 

particular importance in the case of nanoparticles. For the choice of exposure measurement 

instrumentation, the following scheme (Fig. 2.1) was introduced by Borm et al. (2006). 

  

 
Fig. 2.1 Scheme of particle characterisation for exposure measurements (Borm et al., 2006) 

 

The scheme indicates the different possibilities that should be considered when choosing 

exposure assessment instrumentation. The ideal method of assessing airborne nanoparticle 

exposure would certainly be the use of a personal sampler that determines in real time, all 

relevant physical and chemical properties of all single particles (primary particles and 

agglomerates) as well as their concentrations entering the measurement system. Since this is 

currently not possible, one has to consider the task to perform in combination with available 

measurement technology. The various available techniques are described in this chapter. 
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2.1 Stationary and portable measuring equipment 

The choice of stationary and/or portable measuring technology can depend on several 

factors. If for example there is a need to determine whether primary particles or agglomerates 

of a specific nanoparticle product are present in a workplace, a device which determines 

particle number size distribution may be sufficient. If on the other hand, exposure should be 

determined in the interest of epidemiological studies, certain aerosol properties such as lung 

deposited particle surface area become important and therefore particle surface area 

measuring equipment such as the TSI Nanoparticle Surface Area Monitor (NSAM) may be 

used (Fissan et al., 2007). An array of stationary instruments and measurement technologies 

has been used to study exposure to nanoparticles. There is commercially available online 

instrumentation for determination of several aerosol properties e.g. particle number 

concentration, surface area concentration as well as particle size distribution. Mass 

concentration is impractical for nanoparticle detection due to the low mass and low sensitivity 

of mass measuring devices. Some of these measuring equipment and areas where they have 

been employed for exposure assessment measurements are described below. 

The total particle number concentrations of airborne ultrafine and nanoparticles are usually 

determined using a Condensation Particle Counter (CPC). In a CPC, due to vapour 

condensation on particles, the particles become larger and can thereby be optically detected. 

The lower detection limit reaches down to 3 nm for n-butanol-based and 2.5 nm for water-

based CPCs (Hermann et al., 2007) and an upper size limit of about 3000 nm. CPCs have 

been built as stationary as well as portable battery-powered equipment. Peters et al. (2006) 

used portable CPCs and optical particle counters to map both the number concentration in an 

engine machining and assembly facility. In a later study, Evans et al. (2008) used the same 

technique to map number and mass concentrations in an automotive grey iron foundry. In 

both studies this technique allowed the investigators to identify particle sources within the 

respective investigated facility. 

A major limitation of a CPC however is its lack of size discrimination. A CPC alone is 

therefore not suitable for detailed exposure measurement of nanoparticles. As part of a 

Scanning Mobility Particle Sizer (SMPS) – system, a CPC can be used for concentration 

measurement of size selected samples.  
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Kuhlbusch et al. (2004) used an SMPS system to measure the particle size distribution of 

released particles in bag filling areas as well as in reactor and pelletizing areas (2006) of soot 

production. In an SMPS, aerosol particles are given a known charge distribution in a 

neutralizer which is based on radioactive decay and then the particles are passed into a 

Differential Mobility Analyzer (DMA) where they are classified according to their electrical 

mobility which is a function of particle size and charge state. In a DMA, charged particles are 

deflected in an electric field between an outer and an inner electrode. Particles with a high 

electrical mobility (small and/or highly charged particles) move faster towards the inner 

electrode where they are eventually deposited. Particles of a similar size with an opposite 

charge are consequently deposited on the outer electrode. At the end of the inner electrode, 

particles of a particular lower electrical mobility are sampled through a slit and the number 

concentration of that particular electrical mobility size is measured with a CPC. The electrical 

mobility sampled is a function of the strength of the electric field. Particles with a lower 

electrical mobility than the particles sampled, are carried out with the flow. By continuously 

ramping up the voltage applied to the electrodes, particles of different electrical mobilities can 

be sampled and counted. The measured concentration is related to the electrical mobility with 

an algorithm and with knowledge of the charge distribution, a number size distribution as a 

function of electrical mobility diameter is determined. Typically an SMPS can classify particles 

in the electrical mobility size range of 3 nm to 1000 nm depending on the DMA which is used 

and covers a concentration range of about 20 1/cm³ to 107 1/cm³. 

Electrical mobility analysis has also been implemented in a Fast Mobility Particle Sizer 

(FMPS) according to a work performed by Mirme et al. (1984). With an FMPS, simultaneous 

detection of particles can be performed for its entire covered size range of 5.6 – 560 nm with 

a time resolution of 1 s in comparison with at least 2 minutes for the same size range with an 

SMPS. Contrary to an SMPS where the different sizes are sequentially measured, the FMPS 

is based on an array of 22 electrometers, placed along the outer electrode of a DMA. The 

FMPS can be used in workplace measurements with rapidly changing work processes and 

size distribution fluctuations thus making use of its very small time resolution. The downside 

of the FMPS is however its lower size resolution of 16 channels per decade compared to up 

to 64 size channels per decade with the SMPS. Electrical mobility analysis has become the 
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standard for submicron size distribution measurements. Kuhlbusch et al. (2008a) have 

provided extended information on aerosol measurement techniques. 

An Optical Particle Counter (OPC) is another instrument which can be used to measure the 

size distribution of aerosols. Görner et al. (2011) used an OPC to measure the workplace 

mass concentration of a known aerosol. An OPC takes advantage of the light scattering 

phenomenon to count particles in the size range of about 300 nm to 20 µm. Most OPCs work 

with visible or near infra-red wavelengths in the range of about 500 nm – 1100 nm. Due to this 

larger wavelength in comparison with the diameter of nanoparticles, the scattering intensity of 

these particles is too small to be detected. This therefore makes OPCs unsuitable for 

measurement and size classification of nanoparticles. 

Another device used for nanoparticle exposure measurements is an Electrical Low Pressure 

Impactor (ELPI). Keskinen et al. (1992) developed an ELPI which measures size selective 

number concentrations in real-time. In an ELPI, inflowing particles are unipolarly charged by 

corona discharge and a 13 stage low pressure impactor classifies the particles in different 

aerodynamic diameters (D50 cut-off range 6.8 nm to 10 µm) and each charged particle is 

detected upon impaction. Due to the fact the ELPI collects these particles, gravimetric and 

other analysis can be performed on the collected sample.  

Many stationary measuring equipment can provide online values of number size distribution 

and particle number concentration. However, due to the spatial difference in aerosol 

concentration and size distribution, attributed to dilution and/or agglomeration, the exposure 

of a mobile worker to nanoparticles cannot be effectively measured using stationary 

measuring equipment. For such personal exposure measurements, personal sampling 

methods are more suitable. 

2.2 Personal samplers 

In order to assess particle properties such as morphology and chemical composition, mainly 

off-line methods, are required, with single particle analysis following particle deposition being 

the most complete method Personal samplers operating on different physical concepts such 

as thermophoresis, electrophoresis, filtration or diffusion/impaction have been employed. Of 

the personal particle samplers existing, majority of them consist of a miniaturized impactor 

with a defined cut off size and an after filter. Particles are deposited according to their inertia 
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in an impactor which can be designed to deposit all particles above a certain cut off size and 

let all smaller particles penetrate e.g. to be collected on an after filter for consecutive analysis. 

Sioutas et al. (1999) designed two impactors with cut off sizes of 2.5 µm and 1 µm, 

respectively. Wu and Vincent (2007) have designed an improved version of a cascade 

impactor which uses several impaction stages with different cut off size to further differentiate 

the size fractions. The deposited material on each stage can further be analyzed for its mass 

and chemical composition. For all of these impactor samplers, the particles collected are 

usually much larger than nanoparticles. Sampling nanoparticles by impaction is possible for 

low pressures, but the use of a large pump requiring large batteries to achieve this goal, 

makes this method unsuitable for personal sampling.  

Electrophoresis has been successfully employed in sampling nanoparticles. An Electrostatic 

Precipitator (ESP) employs the principle of electrophoresis to sample charged particles on 

suitable surfaces for consecutive physical and chemical analysis. Inside an ESP, charged 

particles (from a corona discharge) are exposed to an electric field which directs particles of 

one polarity towards a suitable plate or grid, placed on a sample electrode. Particles of the 

other polarity are pushed towards the (grounded) walls of the ESP. Uncharged particles which 

are unaffected by the electric field, are directed out by the flow. Dixkens and Fissan (1999) 

designed an ESP which has been commercialised (TSI Model 3089) as stand-alone sampler. 

This device is bulky and mains powered and therefore unsuitable for personal sampling. It is 

possible to reduce the size of the sampler so it can be used as a personal sampler, even 

though sampling efficiency may fall as a result. A personal wire-tube ESP was developed by 

Cardello et al. (2002) with a sampling efficiency of 95% for all particles 15 nm if an 

appropriate flow rate is chosen. The corona discharge which is mostly used to unipolarly 

charge particles before being sampled in an ESP has been shown to produce ozone and 

oxides of nitrogen. This together with the use of a high voltage makes this method unsuitable 

to be employed in a personal sampler.  

Filtration has also been used to separate particles from the gaseous phase. Furuuchi et al. 

(2010) developed a personal sampler based on inertial filtration to sampling ultrafine particles 

around the breathing zone. They placed inertial filters which consist of fibres with diameters 

ranging from 5.6 to 13.5 µm in circular nozzles (3 – 6 mm in diameter and 4.5 mm in length). 

Under the permissible pressure drop of 5.7 kPa at 6 L/min, a cut-off diameter of 140 nm and 
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200 nm were achieved for fibre diameters of 5.6 µm and 9.8 µm respectively.  This device 

however does not effectively cover the entire range of nanoparticles as especially the smaller 

particles are removed at the filtration stage by Brownian diffusion. Moreover this device was 

developed to collect particles for chemical analysis. Single particle and size distribution 

analysis are not feasible. 

Another device which effectively samples nanoparticles irrespective of their charge state is a 

thermal precipitator (TP). The TP is described in detail in the next chapter. 
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3 Thermal Precipitator (TP) 
A Thermal precipitator (TP) is a device that samples particles using the principle of 

thermophoresis, defined as the thermal diffusion of aerosol particles due to collision with gas 

molecules, when a temperature gradient is present in the gas. In a gas where a temperature 

gradient exists, the gas molecules on the side with a higher temperature have a higher kinetic 

energy than the gas molecules on the side with a lower temperature. On collision with gas 

molecules on the warmer side, a particle obtains a higher momentum transfer than with 

collisions with gas molecules on the colder side. The particle is therefore diverted towards the 

colder side. Tyndall (1870) first described this phenomenon when he observed that in a 

chamber filled with dust-laden air, particle free regions formed around hot bodies. This 

phenomenon has been extensively studied and experimentally verified (e.g. Epstein 1929; 

Brock 1962; Waldmann and Schmitt 1966; Montassier et al. 1991; Stratmann et al. 1994; 

Romay et al. 1998; Tsai et al. 2004). There have been wide-ranging studies using the 

principle of thermophoresis to sample micrometer and nanometer particles (Kodas and 

Hampden-Smith 1999; Zheng 2002). Green and Watson (1935) developed the first known TP. 

This TP comprised of an electrically heated nichrome wire placed midway between two 

parallel glass microscope cover slips, mounted on brass heat sinks. This device was used 

extensively to examine dust particle number concentrations in mines in conjunction with 

optical microscopy (Watson, 1937). 

A number of different TPs have been developed over the years, many of them focused 

especially on achieving uniform particle deposition (Kethley et al., 1952; Wright, 1953). These 

TPs based on plane-to-plane deposition, allowed for lower operating temperatures since 

particles have a long stretch on which the thermophoretic force acts on them. More recently, 

with the emerging interest in nanotechnology, new TPs were constructed to sample 

nanoparticles (Tsai et al. 1995; Maynard 1995; Bang et al. 2003; Gonzalez et al. 2005; Wang 

et al. 2012).   

The Federal Insititute for Occupational Safety at Health (Bundesanstallt für Arbeitsschutz und 

Arbeitsmedizin - BAuA) developed a TP as a personal sampler to collect particles in the size 

range of a few nanometers up to about one micrometer for subsequent analysis using 
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microscopic methods such as SEM. These sampled particles are usually evaluated with 

respect to their size, shape, number concentration as well as chemical composition.  

3.1 First version of Thermal Precipitator (TP1) 

The first version of the thermal precipitator (TP1) built by BAuA, samples particles in the size 

range of a few nanometers up to about 1 µm. The TP1 has been used to sample 

nanoparticles at workplaces where such particles are used and may be released (Plitzko, BIA 

Report 7/2003e). The TP1 was investigated with respect to its deposition properties.  

3.1.1 Description of TP1 and method of sampling 

The TP1 comprises mainly of a sampling component in combination with a controller unit 

containing a small fan responsible for the suction of aerosol into the TP1 and a power supply 

for creating a temperature gradient in the device. In the sampling component, particles are 

thermophoretically deposited on two round substrates lying parallel to the direction of flow as 

shown in Fig. 3.1. 

 
Fig. 3.1 2D Schematic of the TP1 showing its deposition characteristics and image of TP1 substrates 
after sampling  

A temperature gradient is established by means of two centrally placed heating coils between 

the substrates, perpendicular to the direction of flow. The plates are placed 0.3 mm apart by a 

spacer and the heating coils have a diameter of 56 µm. Two round shaped silicon plates each 

with a diameter of 20 mm are used as substrates for particle deposition. A small fan in the 

controller unit in connection with a capillary of 0.45 mm in diameter and 16 mm in length, 

Flow rate 
=0.5 ml/min 

Heating coils 

Deposited particles 
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placed at the exit of the sampling component, creates by means of a pressure drop, a small 

flow rate of 0.5 ml/min which is equal to an inlet flow velocity of 5.5 mm/s. The heating current 

is provided by the controller unit which is powered by one 9V block battery. The sampling 

component has an outer diameter of 36 mm and is about 20 mm thick.  

Before sampling the sampling component is dismantled and the two silicon substrates are 

placed with the polished side on both sides of a copper spacer (Fig. 3.2). Both sides are then 

closed by lids which are held in place by two spring elements. The controller unit of the TP1 is 

switched on and thereby providing power to the heating coils as well as turning on the pump. 

When a temperature gradient is established, particles are deposited on the substrates in the 

region near the heating coils as shown in Fig. 3.1. 

 
Fig. 3.2 Sampling component of the TP1 

 

An image of the sampling component and controller unit of the TP1 is shown in Fig. 3.3. 

  

Substrate Inlet slit 

Lid 

Heating coils spacer 
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Fig. 3.3 Picture of a thermal precipitator (TP1) built by BAuA 

3.1.2 Experimental evaluation of the TP1 

A performance evaluation of the TP1 was experimentally performed to investigate its 

deposition characteristics, i.e. the pattern of particle deposition on the substrate. Initially, the 

TP1 was used to sample distilled water to investigate its purity. Monodisperse Polystyrene 

Latex (PSL) particles of different sizes which were dispersed in this distilled water prior to 

aerosolisation were then sampled with the TP1. Additionally polydisperse diesel soot aerosol 

and ambient air were also sampled. Table 3.1 shows a summary of the evaluation 

experiments carried out with the TP1. For all experiments, comparative measurements were 

performed in parallel with an SMPS system. 

Controller unit 

Sampling component 

Substrate 
(  = 20 mm) 
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Table 3.1 Evaluation experiments with the TP1 

Experiment Aerosol Sampling 

period [h] 

Mean SMPS-Particle 

number concentration 
[1/cm3] 

1 Distilled water 8.00 3.725 

2 PSL 390 nm 2.50 103.397 

3 PSL 390 nm 6.00 34.001 

4 PSL 153.5 nm 2.30 388.171 

5 PSL 153.5 nm 7.00 75.374 

6 PSL 75 nm 6.00 20.504 

7 PSL 75 nm 7.00 106.394 

8 Diesel soot 3.166 1.374.725 

9 Diesel soot 6.083 516.614 

10 Ambient air 42.50 18.986 

 

The particles were found to be deposited mainly as two stripes on each substrate around the 

region of the heating coils (Fig. 3.1). The two dimensional schematic in Fig. 3.1 further 

illustrates the inhomogeneous deposition characteristic in the TP1. Since the particles were 

deposited primarily around the region of the heating coils, it was supposed that the 

inhomogeneous temperature gradient in these regions is responsible for the inhomogeneous 

particle deposition.  

3.1.2.1 Analysis routines of the TP1 samples 

Evaluation of the TP1 substrates was performed by Scanning Electron Microscopy (SEM), 

according to the standard operating procedure of BAuA. It was assumed that all particles are 

deposited on the two stripes on both substrates as shown in the image in Fig. 3.1. The edges 

of the stripes were established and one overview image of each stripe was taken in the 

middle of the stripe. An example of such an overview image is shown in Fig. 3.4. It had been 

shown that the particles are deposited homogeneously along the length of the stripe and 

therefore the deposition in the middle was considered as representative for the whole stripe.  
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For each stripe of deposited particles, seven equally spaced images were taken with the 

boundaries of the first and seventh images corresponding to the boundaries of the overview 

image. A total of 28 detailed images were therefore taken for both substrates, which are 

considered as representative of the deposition in the TP1. An example of a detailed image is 

shown in Fig. 3.5.  

 
Fig. 3.4 Example of an overview image of a stripe of deposited 390 nm monodisperse particles on a 

substrate taken with a magnification of 80. 
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Fig. 3.5 Example of a detailed image of a stripe of deposited 390 nm monodisperse particles on a 

substrate taken with a magnification of 3000 
  

The images were then analysed using image analysis software. The particle number 

concentration was calculated from the particle count on the 28 images as follows: 

28

2121
A

AAN
Qt

C           (3.1) 

Where  

C is the Particle number concentration, 

t is the sampling time, 

Q is the flow rate, 

N is the total number of particles counted on the 28 SEM images, 

A1 and A2 are the areas of the first and second stripes on each substrate and 

A28 is the area of all 28 SEM images. 
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Typically, analysis on a single detailed SEM image may take several hours. In the case of 

monodisperse PSL particles the analysis maybe much simpler since the size of the particles 

is already known and only the number of deposited particles is of interest. At work places 

where product particles may be released, these particles usually have different morphologies. 

Analysing an image of such particles with image analysis software is sometimes very 

cumbersome and there is usually a need for manual analysis which can take several hours 

per image. Analysis of so many SEM images is necessary due to the inhomogeneous 

deposition of particles as well a overloading of particles on the TP1 substrates. A 

homogeneous deposit should lead to a reduction in the number of images needed to be 

analysed and thereby enhance the efficiency of the analysis routines. 

3.1.3 Numerical modelling of the TP1 

Numerical modelling was carried out in order to further understand the temperature and flow 

profiles in the TP1 as well as the resulting deposition characteristic of the TP1. Numerical 

simulations were carried out with the CFD software FLUENT (ANSYS, version 6.1.22) in 

connection with the Fine Particle Model (FPM, Particle Dynamics version 1.0.1). Results from 

the numerical modelling confirmed experimental results with an inhomogeneous deposition of 

particles found around the region of the heating coils, caused by the inhomogeneous 

temperature gradient in these regions. Detailed results of the numerical modelling of the TP1 

can be found in Appendix A. 

3.1.4 Need for optimisation 

Due to the inhomogeneous and overlaid deposition of particles in a small area of the 

substrate in the TP1, SEM analysis of the sample becomes very difficult and time consuming. 

The need for optimisation stemmed primarily from the need for a less time-consuming 

examination of the substrate.  With the TP1, a total of at least 32 SEM images are needed in 

order to evaluate the inhomogeneous deposition of the particles on the substrates. In a case 

where a homogeneous deposition is guaranteed, only about five SEM images should be 

sufficient to obtain a quantitative evaluation of the deposition. The inhomogeneous deposition 

in the TP1 was caused primarily by the inhomogeneous temperature gradient around the 
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region of the heating coils. A homogeneous deposition is therefore achieved by creating a 

homogeneous temperature gradient.  

Numerical modelling results also showed that many, particularly small particles, are deposited 

in the inlet region of the TP1 due to Brownian diffusion. There is therefore a need to improve 

the inlet region of the TP in order to reduce the number of particles which are deposited in this 

section.  

The exact temperatures of the heating coils were unknown. Measurement of the temperatures 

was not possible without influencing the temperatures. The true value of the temperature 

gradient in the TP1 is therefore unknown and this causes an uncertainty in the analysis as 

well as comparison of the deposition. For a more exact evaluation of the deposition, it is 

required that the deposition rate stays constant for the entire sampling period. This can be 

done by ensuring a constant temperature gradient in the TP throughout this period. It is also 

important to ensure that the temperature of the substrate is kept as close as possible to the 

ambient temperature in order to avoid condensation. The size of the TP should be kept 

similarly small for handling purposes and the energy consumption maintained low. 

3.2 Development of a new Thermal Precipitator (TP2) 

A new thermal precipitator (TP2) was developed with the TP1 as the basis and taking the 

points of optimisation into account. The TP2 was developed to deposit particles 

homogeneously in order to simplify subsequent off-line SEM analysis. To create a 

homogeneous temperature gradient in the TP2, two parallel plates with different but constant 

temperatures were introduced with the colder surface acting as a substrate for particle 

deposition. A homogeneous temperature gradient is thereby guaranteed and by so doing, a 

homogeneous particle deposition is achieved (see Fig. 3.6).  
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Fig. 3.6 Deposition properties of optimised TP (TP2) 

 

In order to create a uniform flow tunnel and thereby create a more uniform flow profile in the 

TP2, a rectangular flow tunnel was envisaged. The substrates were also made rectangular in 

shape. The size of the TP1 was however considered to be appropriate for a personal sampler 

and therefore the size of the substrates was maintained at a length of 20 mm which is the 

diameter of the round shaped substrates in the TP1. Moreover, the rectangular substrates are 

cheaper than round substrates used in the TP1. 

For a more exact evaluation of the deposition, it is required that the flow rate and temperature 

gradient in the TP2 stay constant for the entire sampling period. The development of the TP2 

was done by modelling. Through modelling, optimal conditions for the flow and temperature 

as well as the general geometry of the TP2 can be obtained for an effective homogeneous 

deposition of nanoparticles and thereby achieving the stated optimisation goals. A simplified 

analytical model was developed to estimate optimal boundary conditions which are set in a 

more complex numerical model for a more detailed evaluation of the deposition pattern in the 

TP2. 
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4 Modelling 

4.1 Analytical modelling of the TP2 

The feasibility of the abovementioned approach for the TP2 design using 20 mm long 

substrates was studied by a simplified analytical model. The resulting parameters were then 

used for setting up the simulation grid for numerical modelling that allows for a more 

extensive study of the particle deposition. In order to fully analyse the deposition pattern in the 

TP and thus determine the characteristics of an optimised TP, it was important to understand 

the interaction and effectiveness of the various forces acting on particles in the TP. In this 

case where two parallel plates are introduced for the creation of a homogenous temperature 

gradient, the thermophoretic force acts in the direction of the colder plate and therefore 

perpendicular to the direction of flow. 

Thermophoresis is primarily a function of the temperature gradient that a particle experiences 

in gas as well as the size of the particle. Different thermophoretic expressions have been 

described for different particle size regimes. The Knudsen number, Kn, is a measure of the 

various particle size regimes from free molecular to continuum regimes. The Knudsen number 

is a dimensionless number which represents the ratio of the mean free path of air molecules 

to a representative physical length scale (particle radius). The mean free path is the average 

distance between consecutive collisions of a moving particle with molecules in a gas. 

pD
Kn 2            (4.1) 

Where  is the molecular mean free path and Dp is the particle diameter. At standard 

temperature and pressure,  has the value of about 67 nm at atmospheric pressure (Hinds, 

1999). The free molecular regime exists for Kn >> 1, i.e for very small particles (< 10 nm). 

Waldmann and Schmitt (1966) presented an expression for the thermophoretic force in the 

free molecule regime as follows: 

T
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Where  is the viscosity of the carrier gas, g is the density of the gas, T is the temperature 

gradient and T is the absolute temperature of the particle. The negative sign in equation 4.2 

indicates that the force acts in the direction of decreasing temperature. In the continuum 

regime (kn << 1 or Dp > 200 nm) as well as the intermediary transition regime, it becomes 

more complicated to derive an expression for the thermophoretic force due to the presence of 

a temperature gradient within the particle. In this case the thermophoretic force is affected by 

the thermal conductivity of the particle relative to the thermal conductivity of the surrounding 

gas. Many studies have been carried out to derive an equation for the thermophoretic force in 

the transition and continuum regimes. Talbot et al. (1980) derived an expression for the 

thermophoretic force in these regimes as follows: 

T
THDF TP

g

cont,T

2

3         (4.3) 

Where HT is the thermophoretic coefficient, given by Talbot (1980) to be tolerably accurate in 

all regimes from free molecular to continuum. 
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2        (4.4) 

Cs = 1.147, Ct = 2.2 and Cm = 1.146 are the thermal creep coefficient, the thermal jump 

coefficient and the velocity jump coefficient respectively, which were empirically determined 

by Batchelor and Shen (1985). kg and kp are the thermal conductivities of the gas and the 

particle. The ratio of thermal conductivities, kg/kp, only becomes important for low Knudsen 

numbers (large particles) and/or high pressure, whereas for high Knudsen numbers, the effect 

of thermal conductivity can be neglected. 

Particles which are displaced by a thermophoretic force always experience an opposing drag 

force. When no other forces are present, the effective thermophoretic velocity of a particle can 

be obtained by solving the force balance between the thermophoretic and the drag force. The 

thermophoretic particle velocity in still gas can then be described as: 
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Where TF  is the applicable thermophoretic force as in equation 4.3. The Cunningham slip 

correction factor Cc (Cunningham, 1910; Kim, 2005) has been derived as: 

Kn
.exp..KnCc
9970483016511        (4.6) 

The resulting velocities calculated using equation 4.5 for 10 nm and 300 nm as well as for 

10 µm particles with different thermal conductivities are shown in Fig. 4.1. 

 
Fig. 4.1 Thermophoretic velocity as function of time for 10 nm, 300 nm, and 10 µm particles in air at 
atmospheric pressure and a temperature gradient of 15 K/mm; ratio of thermal conductivities, kg/kp, 
assumed to be 1/1000 for 10 nm and 300 nm at atmospheric pressure; three different exemplary ratios 
for 10 µm particles at atmospheric pressure. 
 

Considering the case of 300 nm particles for example, a particle in a gas, experiencing a 

temperature gradient of 15 K/mm, reaches its terminal velocity of about 3.4*10-4 m/s after less 

than 3*10-6 seconds. This means that the particle attains its terminal velocity after moving for 

less than 1 nm. The relaxation time and distance for smaller particles are even much smaller. 

It can therefore be assumed that the particles in the TP instantly reach terminal velocity. The 
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linear relationship between the terminal thermophoretic velocity vT of a particle and the 

temperature gradient T it experiences can be described by the following expression 

(Batchelor and Shen, 1985). 

T
TCHv

g

cT
T           (4.7) 

Similarly to thermophoresis, it can be shown that airborne particles arrive rather 

instantaneously at their terminal gravitational velocity with the magnitude of the terminal 

velocity, a direct proportion to the particles’ mass. The terminal gravitational velocity vg of a 

particle is given by the following expression (Hinds, 1999): 

gp
c

2
p

g 18
CgD

v          (4.8) 

where g is the gravitational acceleration and p is the density of the particle. Depending on the 

orientation of the TP during sampling, the effective deposition velocity of (nano-) particles 

would be the vector additive of the thermophoretic and gravitational velocities. The 

gravitational velocity however plays a significant role only for particles of larger size and/or 

density. 

4.1.1 Effect of particle size on deposition velocity  

The deposition velocity of the particles in the TP2 is a combination of the thermophoretic 

velocity, the settling velocity as a result of gravity as well as the effect of Brownian diffusion 

which will be discussed later. Considering only the thermophoretic velocity, its magnitude 

decreases with increasing particle size. In the case of the TP2 where a temperature gradient 

is created between two parallel plates, larger particles which flow into the TP2 will be 

deposited later than smaller particles which flow in at the same location in the inlet. Fig. 4.2 

shows the value of the thermophoretic velocity with respect to particle size. The 

thermophoretic velocities in Fig. 4.2 were calculated for a temperature gradient of 15 K/mm 

and an absolute temperature of 293 K. Since the TP2 is built to sample sub-micron particles, 

a 1 µm particle, with an effective density of 1 g/cm³ is considered as the largest particle size 

of interest. For 20 mm long plates which were envisaged for the TP2 and for a gap distance of 
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1 mm, a temperature gradient of 15 K/mm in combination with an inlet flow velocity of 

5.5 mm/s (which is maintained from the TP1) is necessary to ensure that a 1 µm particle 

which enters the TP2 closest to the warm plate, is deposited at the end of the colder plate 

(substrate). A kg/kp value of 0.041 was used in the calculations. It can be assumed that all 

other sub-micron particles which enter the TP2 further below the warm plate will be deposited 

on the cold plate under the same conditions. 

 
Fig. 4.2 Thermophoretic velocity and settling velocity due to gravity with respect to particle size 

 
Fig. 4.2 also illustrates the increase in the settling velocity due to gravity with increasing 

particle size. The increase is only noticeable for particle sizes above 300 nm and insignificant 

for smaller particles. 

4.1.2 Effect of device orientation on deposition velocity  

The increase in settling velocity for particles larger than 300 nm shows that the orientation of 

the TP2 during sampling affects the deposition pattern of these larger particles. The TP2 was 

designed to be carried by a worker on either his chest pocket, over his shoulder or on his 

helmet. Three different basic orientations were therefore considered depending on how the 

TP2 was carried by the worker. The TP2 can be hanging on the chest pocket of a worker in 
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an upright position (standing or sitting) with the entrance slit on top, the warmer plate closer to 

the body and a flow direction pointing vertically downwards (Case 1). The cases where the 

TP2 is e.g. carried on the helmet of the worker with a horizontal flow and the substrate at the 

bottom (Case 2) and with the substrate on top (Case 3) were also considered. Fig. 4.3 

illustrates these three basic cases of orientation that were considered. 

In all three cases, the thermophoretic force always acts perpendicular to the flow direction. 

For Case 1, gravity works in the direction of the flow. For Case 2, gravity works in the same 

direction as thermophoresis which may cause larger particles, where the effect of gravity is 

particularly pronounced, to be deposited faster. For Case 3, gravity works in the opposite 

direction to thermophoresis, causing the larger particles to be deposited later or possibly not 

deposited at all or on the warmer plate depending on the magnitude of the thermophoretic 

velocity with respect to the gravitational velocity.  

 
Fig. 4.3 Different orientation cases of a TP2 with a vertically downward aerosol flow (Case 1) and two 
different horizontal orientations with the substrate at the bottom (Case 2) and with the substrate on top 
(Case 3). 

 

The deposition velocity is illustrated in Fig. 4.4 for different orientations of the TP2 with 

respect to particle size. Smaller particles are only very slightly affected by gravity. For larger 
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particles where the effect of gravity is stronger, the particles reach a higher deposition velocity 

for Case 2 where gravity and thermophoresis act in the same direction and for Case 3, where 

gravity counteracts thermophoresis, the particles reach a lower deposition velocity. Up to a 

particle size of about 300 nm, the difference in deposition velocity for Cases 2 and 3 is in the 

order of ± 1.2 % compared to Case 1. For larger particle sizes the difference becomes more 

pronounced. This means that subsequent analysis of the TP2 sample especially for particle 

sizes > 300 nm, has to be done considering the orientation of the device during sampling 

otherwise the evaluation of the deposition of these larger particles would be done with high 

inaccuracy. 

 
Fig. 4.4 Effect of device orientation on deposition velocity in the TP2. Deposition velocity as a result of 
thermophoresis and gravity 

4.1.3 Effect of particle material type on deposition velocity  

The absolute deposition velocity attained by a particle in the TP2 also depends on the particle 

material type. The thermophoretic coefficient is a function of the thermal conductivity of the 

particle material kp as shown by equation 4.4. Generally, the higher the thermal conductivity of 

the particle material, the lower its thermophoretic velocity. This effect is however more 

noticeable for larger particles. Particles of different types may also have different densities. 
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The gravitational velocity is a function of the density of the particle according to equation 4.8. 

Particles with a higher density therefore reach a higher gravitational velocity than particles 

with lower density. Fig. 4.5 shows the effect of the different material types on the deposition 

velocity. Iron particles with a density of about 7.9 g/cm³ were used as an extreme case along 

with particles of unit density to calculate the values shown. It is shown that the particles with a 

higher density and size reach a much higher deposition velocity for case 2 and a much lower 

deposition velocity for Case 3. For Case 3 where thermophoresis counteracts gravity, a 

particle size of about 952 nm is calculated for which the thermophoretic velocity equals the 

gravitational velocity, using a temperature gradient of 15 K/mm, an absolute particle 

temperature of 293 K and kg/kp of 0.0003 for iron particles. This shows that for Case 3, iron 

particles which are larger than 952 nm are slightly diverted towards the warm plate under the 

same conditions. This is illustrated in Fig. 4.5 by the negative deposition velocity. Also shown 

in Fig. 4.5 is the effect of the thermal conductivity of the particle on the thermophoretic 

velocity (Case 1). Iron particles with a higher thermal conductivity (~80 W/mK) reach a lower 

thermophoretic velocity than unit density water liquid particles with a thermal conductivity of 

about 0.58 W/mK. The difference is however minimal and only noticeable for larger particles. 

 
Fig. 4.5 Effect of different particle material types on the deposition velocity in the TP2 
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4.1.4 Effect of temperature gradient on deposition velocity  

The main objective of developing the TP2 was to achieve a uniform deposition of all sub-

micron particles along the entire length of the substrate. To achieve this goal, the temperature 

gradient had to be set so that all particles within the size range of interest that enter the TP2 

furthest from the substrate, i.e. close to the surface of the warmer plate, will be deposited 

before the end of the substrate. For the default orientation (Case 1), where gravity acts in the 

direction of flow, assuming plug flow with a flow velocity of 5.5 mm/s, the required 

temperature gradient can be calculated for various gap distances which is necessary to 

achieve a worst case deposition distance of 20 mm (length of the substrate) for a 1000 nm 

particle. The worst case deposition distance is defined as the distance between the start of 

the substrate and the point on the substrate on which the particle is deposited when the 

particle enters the TP2 furthest away from the substrate (close to the surface of the warm 

plate). Particles with unit density (1 g/cm³) were assumed and the effect of Brownian diffusion 

was neglected for these worst case estimates. The worst case deposition distance, L, 

(see Fig. 4.3) will represent the case where the particle enters the TP2 at the surface of the 

warmer plate. For the same temperature gradient, all smaller particles as well as particles 

which enter the TP2 below the warmer plate will theoretically have a shorter deposition 

distance. 

The temperature gradient required to achieve a worst case deposition distance L for the 

various orientation cases illustrated in Fig. 4.3 can be calculated by considering that a particle 

covers exactly the distance, x, in one direction and the distance L in the perpendicular 

direction. The ratio of these distances will be equal to the ratio of the equivalent velocities 

acting in the respective directions. For Case 1 for example; 
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v            (4.10) 

For Case 3: 
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L
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v            (4.11) 

For a worst case deposition distance L = 20 mm (length of substrate) and a chosen gap 

distance x, the thermophoretic velocity required to achieve a complete deposition of all 

particles up to the size of 1000 nm was calculated. The corresponding temperature gradient 

was then calculated by setting equations (4.9) to (4.11) equal to equation (4.7). Various gap 

distances (x) were considered for the TP2. For the original (TP1) gap distance of 0.3 mm, a 

temperature gradient of 4.5 K/mm would be necessary to cause a 1000 nm particle of unit 

density to have a worst case deposition distance of 20 mm. Due to the small gap distance 

between plates a smaller thermophoretic velocity is needed to match the orthogonal flow 

velocity such that the worst case deposition distance remains 20 mm. This explains the small 

temperature gradient of 4.5 K/mm unlike 15 K/mm when the gap distance x = 1 mm. The 

temperature gradient of 4.5 K/mm corresponds to an effective temperature difference of 

1.35 K between the plates. Such a temperature difference would be very difficult to control 

due to the effect of external temperature fluctuations. Moreover, the effect of gravity becomes 

more dominant for smaller gap distances while maintaining the same worst case deposition 

distance of 20 mm. Considering the different possible orientations of the TP2 during sampling, 

a too small thermophoretic force (resulting in a small thermophoretic velocity) which is 

necessary for L = 20 mm, for smaller gap distances, would be more easily overwhelmed by a 

counteracting gravitational force for Case 3. The effect of the dominant gravitational force is 

illustrated in Fig. 4.6 by the ratio of gravitational settling velocity to thermophoretic velocity 

(vg/vT). vg/vT is very small for smaller particle sizes for all gap distances and temperature 

gradients and becomes much larger for larger particles which are more affected by gravity, 

and for lower gap distances with lower counteracting thermophoretic velocities. In the extreme 

case of iron particles with a density of about 7.9 g/cm³, vg is almost four times larger than vT 

for a 1000 nm particle in an x = 0.3 mm model. In this case, many particles > 600 nm shall be 

deposited on the warm plate in the TP2 and many particles in the range of about 300 nm – 
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600 nm shall either be deposited much later on the cold plate or carried out of the TP2 with 

the flow.  The x = 0.3 mm model is therefore inappropriate for the TP2. For particles > 

300 nm, vg is 10% of vT for x = 1 mm and 14% for x = 0.7 mm (temperature gradient of 

10.5 K/mm  T = 7.35 K). This small counteracting gravitational force causes a deviation in 

the deposition distance of 11% and 16% for x = 1 mm and x = 0.7 mm respectively, with the 

resulting deposition distances all below 20 mm ensuring that all particles up to this size are 

deposited on the plate. The gap distance of 1 mm is seen to be more suitable due to the 

smaller deviation in deposition distance. 

 
Fig. 4.6 Ratio of gravitational settling velocity to thermophoretic velocity (vg/vT) for different gap 

distances and for particles with unit density as well as iron particles with a density of 7.9 g/cm³. vg/vT 

illustrates the effect of a counteracting vg to vT (Case 3). vT chosen for each gap distance such that a 

deposition distance of 20 mm is achieved. 

 
The effect of small changes in ambient temperatures which may affect the temperature 

gradient in the TP2 was modelled by assuming changes of ±1 K. Table 4.1 shows the worst 

case deposition distances for unit density particles with diameters of 10 nm, 20 nm, 50 nm 

100 nm, 300 nm and 1000 nm, calculated for gap distances of 0.7 mm and 1 mm and for 

changes in the temperature difference between the plates by ±1 K. The temperature gradients 
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used for these calculations were obtained for a worst case deposition distance of 20 mm for 

1000 nm particles of unit density for each gap distance.  

Table 4.1 Worst case deposition distances calculated for a range of particle sizes, for gap distances of 
0.7 mm and 1 mm and for a temperature gradient which gives an approximated worst case deposition 
distance of 20 mm for 1000 nm particles of unit density.  Deposition distances were also calculated for 
deviations of 1 K from the temperature difference between the plates. 

   

As with the case of counteracting velocities for Case 3, a smaller deviation in the deposition 

distance of about -6.2 % and +7.1 % for the different orientation cases is found with a 1 mm 

gap distance as opposed to -11.9 % and +15.8 % with the 0.7 mm model. For a constant flow 

velocity of 5.5 mm/s, the total volumetric flow of aerosol into the TP2 is higher for a gap 

distance of 1 mm than for a gap distance of 0.7 mm. This enables more particles to flow into 

the TP in the same time period. For these reasons, the model with a gap distance of 1 mm 

was chosen and thus used for further calculations and modelling. 

For a gap distance of 1 mm, deposition distances were calculated for particle sizes from 

10 nm up to 1000 nm. All three orientations were considered in the calculations in order to 

evaluate the effect of gravity on the deposition with respect to particle size. Fig. 4.7 illustrates 

the difference in the deposition distance calculated for all three orientation cases, with 

particles of unit density and with an extreme case of iron particles with a density of about 

7.9 g/cm³. 

Worst case deposition distance (L) for TP2 

with 0.7 mm gap distance 

Worst case deposition distance (L) for TP2 

with 1 mm gap distance 

Particle size 

DP [nm]  

L [mm] for 

T = 10.5 K/mm 

( T= 7.35 K) 

L [mm] 

T  + 1 K 

L  [mm] 

T  - 1 K 

L  [mm] for 

T = 15 K/mm 

( T = 15 K) 

L  [mm] 

T  + 1 K 

L  [mm] 

T  - 1 K 

10 13.57  11.95 15.71 13.57   12.72 14.54 

20 13.74   12.1 15.91 13.74   12.89 14.73 

50 14.16   12.47 16.39 14.16   13.27 15.17 

100 14.63   12.88 16.94 14.63  13.72 15.68 

300 15.70   13.82 18.17 15.70   14.72 16.82 

1000 20.32  17.89 23.52 20.32 19.05 21.77 
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Fig. 4.7 Deposition distances for particles with unit density (1 g/cm³) and iron particles with a density of 
7.9 g/cm³ for three TP orientation cases, for a temperature gradient of 15 K/mm and a plug flow velocity 
of 5.5 mm/s 

 

It can be seen from Fig. 4.7 that there are significant differences between the deposition 

distances particularly for larger particles (Dp > 300 nm). The worst case deposition distance 

for a 300 nm particle considering the extreme case of iron particles (  = 7.9 g/cm³) is 17.9 

mm. From the above analytical calculations, it can therefore be expected that all particle sizes 

up to 300 nm shall be completely deposited on a 20 mm long substrate for a gap distance of 

1 mm, an average flow velocity 5.5 mm/s, and a temperature gradient of 15 K/mm, 

irrespective of the particle density or orientation of the TP2 during sampling. The evaluation of 

the deposition for particle sizes up to 300 nm can thus be carried out with sufficient accuracy 

without prior knowledge of the TP2 orientation or the material type of the sampled particles. 

Above this size range, knowledge of the TP2 orientation and particle material is required for 

an accurate evaluation of the deposit. These preliminary considerations showed that use of 

rectangular substrates with a length of 20 mm is feasible with a temperature gradient of 

20 mm 
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15 K/mm, a gap distance of 1 mm between the plates and a flow velocity of 5.5 mm/s. With a 

cross-section area of flow channel of 1 x 6 mm², the flow velocity of 5.5 mm/s corresponds to 

a volumetric flow rate of 2 ml/min. 

The temperature difference of 15 K for a gap distance of 1 mm corresponds to a Grashof 

number of ~ 1.81. In fluid dynamics and heat transfer, the Grashof number represents the 

ratio of buoyant forces (in this case as a result of a temperature gradient) to viscous forces 

acting on a fluid.  It is a dimensionless number which is commonly used to describe the 

transition from laminar to turbulent flows as a result of convection. The range of 108 to 109 is 

given as the margin where this transition occurs for natural convection from flat vertical plates. 

The Grashof number of 1.81 is therefore far below the transition range and shows that for the 

operating conditions of the TP2, no turbulence as a result of convection is expected.  

The inlet tunnel which leads from the entrance slit up to the deposition region of the TP1 is 

8 mm long. Numerical modelling results showed that many especially smaller particles are 

deposited in this region due to Brownian diffusion. Diffusional deposition in this region is 

enhanced because of the low flow velocity resulting in a long residence time. In the model for 

the TP2, the entrance tunnel was shortened from 8 mm as in the TP1 to 2 mm in order to 

minimise the particle losses due to Brownian diffusion By reducing the length of this section 

by a factor of four, the time needed for particles to go through this section is reduced by about 

the same factor. Due to the square root relationship between the Brownian particle 

displacement and time, the average particle loss in the inlet tunnel is about halved. A sketch 

of the optimised geometry is shown in Fig. 4.8. 
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Fig. 4.8 Two-dimensional cross-section sketch of the TP2 

4.2 Numerical modelling of the TP2 

The analytical pre-calculations were done under simplified conditions with many assumptions. 

A plug flow was assumed for the flow profile in the TP2 and the effect of Brownian diffusion 

was neglected. These analytical pre-calculations however provided the basis to create a 

model grid which was used to do more complex numerical simulations. Numerical modelling 

takes into account the effect of a realistic laminar flow profile (Reynolds number ~ 0.62), 

particle losses due to Brownian diffusion, as well as non-uniformities of the temperature field 

around the edges of the plates.  

A model grid was developed, representative of the proposed geometry for the TP2. A three 

dimensional grid as shown in Fig. 4.9 was first developed for the simulations having 

dimensions of 1 mm x 3 mm x 24 mm, representative of half the sampling section of the TP2 

(including 2 mm each of inlet and outlet regions). Only one half of the TP2 was simulated 

because of the symmetry of the TP2 along the width. The middle plane in the grid (along the 

length) was therefore defined as a symmetry plane. The 3-D grid was developed with a 

resolution of 240 finite elements along the length of the TP2, 30 elements between the plates 

and 30 elements wide, i.e. a total of 216,000 rectangular finite grid elements. There was an 

increment ratio in element size of 1.05 in the direction of the warmer plate. The elements on 

the colder side of the TP2 are of particular interest since this is the side which is to be 

eventually evaluated. More precise calculations were therefore desired on this side and hence 
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the smaller-sized elements. The time needed for one simulation with this three dimensional 

grid was found to be very long (approx. 48 hours).  

 
Fig. 4.9 Three dimensional TP2 grid for numerical simulations. Grid represents one half  of the TP2 
sampling region with a symmetry plane (red) along the middle. The grid is made up of 216,000 
rectangular cells with a cell size increment ratio of 1.05 towards the warm plate 

 

A two dimensional grid which represents the middle section of the TP2 along the flow axis, 

was consequently developed in order to reduce the simulation time. The 2-D grid was 

developed with a resolution of 240 finite elements along the length of the TP2 and 40 

elements between the plates, a total of 9600 rectangular finite grid elements, with an 

increment ratio in element size of 1.05 (Fig. 4.10) in the direction of the warmer plate. The 

simulation time was consequently reduced from about 48 hours for the 3-D grid to about 2 

hours for the 2-D grid. Boundary effects at the sides are not covered by such an approach; 

these however play a very minute role as the section which will be evaluated is exactly the 

section in the middle covered by this two dimensional grid. All following results were achieved 

from simulations with this grid. 
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Fig. 4.10 Two dimensional TP2 grid for numerical simulations. Smaller grid cells towards the colder plate 
for more precise calculations in this section. The grid is made up of 9600 rectangular cells with a cell 
size increment ratio of 1.05 towards the warm plate 

 

For the simulations, a flow velocity of 5.5 mm/s was set at the inlet. The temperature 

gradients were varied with simulations being carried out with temperature gradients of 

12 K/mm, 15 K/mm and 18 K/mm for all orientation cases. Water liquid particles with unit 

density were used for the simulation as well as the extreme case of iron particles with an 

approximate density of about 7.9 g/cm³. Particle behaviour in the TP2 was investigated under 

the set conditions by evaluating the particle number concentrations at several points in the 

TP2. Monodisperse particles of sizes 20 nm, 30 nm, 40 nm, 50 nm, 75 nm, 100 nm, 300 nm, 

500 nm and 1000 nm each with a total concentration of 10.000 1/cm³ (=1010 1/m³) at the inlet, 

were considered. Unlike with the Discrete Phase Model (DPM) of FLUENT, which uses a 

Langrangian approach to track single particles and plot their trajectories, the Fine Particle 

Model (FPM) uses an Eulerian approach to simulate the dynamics of a population of particles 

with a given size distribution. With the DPM, In order to achieve better statistics it would be 

necessary to simulate the trajectories of many thousand particles. This usually is 

computationally very demanding. The DPM also does not include the effect of the interaction 
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between particles as it simulates the dynamics of only discrete particles. The FPM includes 

the effect of flow, temperature, dilution etc. on the particle number concentration and size 

distribution. Eulerian simulations however have to deal with the problem of numerical diffusion 

which is a difficulty that occurs with computational simulations of continuous systems by the 

discretisation of the continuous differential equations of motion into finite-differential 

equations. Due to the fact that the flow rate at the wall is zero, and assuming the shortcoming 

caused by numerical diffusion that a transition from a non-zero concentration to a zero 

concentration cannot be displayed within a single cell, the concentration at the walls of the 

grid is set in FLUENT to zero (Engelke et al, 2007). 

4.2.1 Results of the numerical modelling  

A parabolic laminar flow profile develops in the TP2 for a set inlet velocity of 5.5 mm/s, with 

flow velocities of 0 mm/s at the plates and up to about 8.4 mm/s in the middle as illustrated in 

Fig. 4.11. Velocity increase in the image shown in Fig. 4.11 is denoted with the colour scale 

starting with blue for the lowest velocity and red for the highest velocity. Values of the velocity 

shown in the plot are taken from the cross-section in the middle of the TP2 (circled in the 

image of the flow profile).  

 
Fig. 4.11 Flow profile in the TP2 
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A temperature profile in the TP2 for a temperature gradient of 15 K/mm is shown in Fig. 4.12. 

The increase in temperature from the cold to the warm plates is denoted in the colour scale 

with blue representing the lowest temperature considered; in this case, 293 K for the cold 

plate and red for the highest temperature which is 308 K for the warm plate. This two 

dimensional view of the temperature profile shows more clearly the uniformity of the 

temperature gradient with an unavoidable but very short non-uniformity at the start and end of 

the plates. The temperature of the walls of the inlet and outlet regions of the TP2 was set to 

the assumed ambient temperature of 293 K. Fig. 4.12 also illustrates the profile of these 

sections. 

  

 
Fig. 4.12 Temperature profile along the length and width (in the middle) of the TP2 with the temperature 
of the warm plate set at 308 K and the temperature at the cold plate as well as the ambient temperature 
set at 293 K 

 

An exemplary particle number concentration profile for 100 nm particles with an inlet particle 

number concentration of 1010 1/m³ is shown in Fig. 4.13. This simulation was performed for a 

temperature gradient of 15 K/mm and a flow velocity of 5.5 mm/s. The increase in 
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concentration is denoted by the change in colouration from blue to red. At the inlet of the TP2, 

there exists a constant concentration along the width. Thermophoresis causes the particles to 

drift in the direction of the cold plate (substrate) and hence an increase in the concentration in 

that direction. Due to the deposition of particles on the cold plate, the concentration of 

particles in the flow drops and eventually tends to zero towards the end of the plate. It should 

be noted that the concentration curve shown in Fig. 3.19 (right) is plotted from values taken 

just above the cold plate of the TP2. The trend of this concentration curve shall be explained 

in detail later.  

 
Fig. 4.13 Particle number concentration profile in the TP2 illustrated exemplarily for 100 nm particles 

 

The particle deposition in the TP2 was investigated by examining the particle number 

concentration of particles along the side of the TP2 which contains the substrate. 

Consequently, the 2 mm entrance tunnel was also examined to assess the particle losses 

which occur in this region. It should be noted that, due to the fact that the concentration at the 

walls is set to zero, the last but one layer of cells was considered for the above examination of 

particle number concentrations along the wall as described by Engelke et al. (2007). The last 

layer of cells has a height of about 8 µm. A 10 nm Particle in the last but one cell with a 

thermophoretic velocity of about 4*10-4 m/s for a temperature gradient of 15 K/mm, is 
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deposited after only 0.02 seconds. The values of particle number concentration in these last 

but one cells can be assumed to be representative for the deposition on the walls. Fig. 4.14 

illustrates the concentration profile along the cold side of the TP2 for all particles sizes 

examined.  

 
Fig. 4.14 Concentration profile along the cold side of the TP2 for nine different particle sizes from 20 nm 
to 1000 nm. The section of the plates is between 2 mm and 22 mm, with 2 mm of inlet and outlet regions 
each. 

 

A particle number concentration of 1010 1/m3 was set at the inlet (0 mm). Due to the parabolic 

nature of the flow profile, the particles are drawn towards the region of highest velocity which 

is in the middle of the TP2. At the beginning of the plates (2 mm), thermophoresis causes the 

particles to be diverted towards the cold plate. The concentration therefore increases 

accordingly. Because of particle deposition, the number of particles in the flow constantly 

reduces and thus the concentration sinks towards zero.  

The absolute values of particle number concentration observed close to the cold plate, 

increase with increasing particle size. This is partly due to the effect of numerical diffusion, 

whereby the particle number concentration at the walls has to be set to zero. Due to the 

concentration gradient at this section in combination with the higher thermophoretic velocity, 
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especially the smaller particles are quickly deposited on the cold plate.  The value in the last 

but one cell is therefore smaller for smaller particles because these particles are deposited 

faster. This effect is further illustrated in Fig. 4.15. By displaying the particle number 

concentration from the warm to the cold plate, 5 mm from the start of the plates, It is observed 

that the particle number concentration is zero at the warm plate, rises to set the inlet 

concentration in the middle and drops towards zero at the surface of the cold plate, with a 

more rapid drop observed for smaller particle sizes. 

 
Fig. 4.15 (a) Concentration profile for particle sizes from 20 nm to 1000 nm, from warm to cold plate in 
the TP2, at a position 5 mm (circled in blue) from the start of the plates. (b): more detailed look close to 
the cold plate 

For all particle sizes however, as shown in Fig. 4.14, a section of uniform particle number 

concentration was observed, starting from about 3.5 mm from the inlet (1.5 mm after the start 
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of the plate) to about 10 mm from the inlet (8 mm into the plate), a total length of 6.5 mm. This 

length of uniform particle number concentration is valid for the case where the temperature 

gradient is 15 K/mm and the orientation of the TP2 is vertical (Case1). The uniform particle 

number concentration for all particle sizes together with a uniform temperature gradient and 

flow velocity in this section should lead to a homogeneous deposition of particles in this 

section. This section should therefore be the most suitable for subsequent analysis of the 

deposit. 

In order to evaluate the deposition of particles, the TP2 was divided into five sections 

considering the inlet and outlet regions as well as concentration changes along the length of 

the plate. Section R1 and R5 in Fig. 4.16 represent the inlet and outlet regions respectively. 

The region of the plates was divided into three different sections. At the beginning of the 

plates, there is a rise of the concentration level towards the cold plate the concentration levels 

only become constant after about 1.5 mm from the start of the plates. This 1.5 mm section 

(R2) as well as the section where homogeneous particle deposition is expected (R3) and the 

rest of the plate (R4) was evaluated for the uniformity of the deposition.  

 
Fig. 4.16 Division of the TP2 into different sections with respect to changing concentration values along 
the cold plate as well as for the investigation of the deposition in the inlet and outlet regions 
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4.2.2 Effect of particle size on the deposition 

In the numerical model used, it was not possible to directly investigate the number of 

deposited particles, since the concentration at the plate was set to zero. It was however 

possible to calculate the number of particles in the flow at any point in the TP2. By calculating 

the number of particles that flow into the TP2 inlet and the number of particles that flow 

across the boundary of R1 and R2, it was assumed that the difference represents the number 

of particles deposited in R1. Using the same method for the rest of the TP2, the deposition in 

each section was obtained. Fig. 4.17 illustrates the particle deposition per millimeter, for each 

of the chosen regions (R1 – R5). This simulation was performed with a temperature gradient 

of 15 K/mm and for the default vertical orientation (case 1) of the TP2. 

 
Fig. 4.17 Deposited particles per millimeter in the different regions of the TP2. Escaped particles 
displayed as an absolute percentage (i.e. not per millimeter). 

 

Some particle deposition can be observed in the inlet tunnel (R1), especially the smaller 

particles which are most affected by Brownian diffusion. At the beginning of the plates (R2), 

thermophoresis causes a rise in the deposition rate. This deposition is however non-uniform, 

representative of the non-uniform temperature gradient which exists at the edges of the 

plates. Furthermore, due to the reduced concentration of smaller particles which were 

deposited in the R1, the number of smaller particles deposited in R2 is smaller. For the larger 
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particles, which were not affected much by diffusion, the lower thermophoretic velocity for 

1000 nm in comparison to 300 nm particles for example, causes the 1000 nm particles to be 

deposited less in this section in comparison to 300 nm particles. In the 6.5 mm section (R3) of 

uniform particle number concentration, where a uniform deposition is expected, about 5 % of 

all particles which enter the TP2 are deposited per millimeter. This shows that about 33 % of 

all particles which are sucked into the TP2 are deposited on this 6.5 mm section. Also in this 

section a nearly size independent deposition can be seen for particle sizes up to about 

300 nm. The fact that all particle sizes are deposited with very similar deposition rates shows 

that the deposited particle size distribution can be assumed to be representative of the 

airborne size distribution. The small differences in deposition rates, however, can be 

accounted for during the evaluation of the deposit. Particles are non-uniformly deposited on 

the rest of the plate (R4). In the outlet tunnel (R5), a low rate of particle deposition is 

observed, firstly because of the absence of a temperature gradient in this region and secondly 

because of the low particle number concentration at this point. The rest of the particles, 

mostly the larger particles with a smaller thermophoretic velocity, are carried away with the 

flow. These escaped particles are displayed as the absolute percentage and not per 

millimeter in Fig. 4.17. Section R3 is further illustrated in detail (per millimeter) in Fig. 4.18. A 

size dependent uniform deposition of particles as expected is clearly demonstrated. For all 

particle sizes  300 nm there is an acceptable maximum deviation in the deposition of about 

11% is found. The deposition can therefore be considered as size-independently 

homogeneous for this uncertainty. 
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Fig. 4.18 Detailed deposition in the region where uniform deposition is expected. The deposition in every 
millimeter as well as the last 0.5 mm of section R3 is illustrated per millimeter. 

The average deposition rates in R3 are shown in Fig. 4.19 as a function of particle size. 

Smaller particles with a higher thermophoretic velocity are deposited faster than larger 

particles with a lower thermophoretic velocity. 

 
Fig. 4.19 Particle deposition with respect to particle size in section R3 of the TP2 
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4.2.3 Effect of temperature gradient on deposition 

Results from simulations with different temperature gradients showed that, as expected, the 

particle number concentration close to the substrate, and consequently the deposition rate 

increases with increasing temperature gradient (Fig. 4.20). The length of constant particle 

number concentration however decreases. 

For a temperature gradient of 18 K/mm, the length reduces to about 4.5 mm and for a 

temperature gradient of 12 K/mm, the length increases to about 8.5 mm. For a higher 

temperature gradient of 18 K/mm, particles are deposited faster on the cold plate and 

therefore the concentration of particles in the flow also drops accordingly. The reverse is true 

for a lower temperature gradient of 12 K/mm. It should however be noted that for a 

temperature gradient of 12 K/mm, the particle number concentration at the walls also drops 

due to the lower rate of deposition and for this particular geometry, many particles are carried 

out with the flow. This therefore means that by getting a longer evaluation distance, which 

may be desirable, one would eventually get an undesirable reduction in the deposition rate. In 

case of an aerosol with low concentration, sampling time may increase in order for enough 

particles to be deposited on the substrate. One therefore has to find a compromise between 

the sampling time and distance of uniform deposition. 
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Fig. 4.20 Exemplary particle number concentration along the cold side of the TP2 for a particle size of 
100 nm with an inlet particle number concentration of 1010 1/m3 and for three different temperature 
gradients. 

 

 Fig. 4.21 shows the deposition per millimeter for a 4.5 mm section (see Fig. 4.20) where for 

all temperature gradients, the particle number concentration on the cold plate is seen to be 

constant. 
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Fig. 4.21 Particle deposition in a 4.5 mm section of homogeneous deposition for three different 
temperature gradients. 

4.2.4 Effect of device orientation on deposition 

Results of numerical modelling for orientation cases 2 and 3 with a temperature gradient of 

15 K/mm, showed a similar length of constant particle number concentration as with case 1. 

There was however a slight difference in the level of particle number concentration for 

cases 2 and 3 than those obtained for case 1 for the considered case of 100 nm particles. 

Fig. 4.22 illustrates this difference. This difference is more pronounced for particle sizes larger 

than about 300 nm. For case 2, the additional effect of gravity on the deposition should case 

an increase in the concentration close to the wall. However since the thermophoresis already 

causes almost all particles of the considered size to be deposited, gravity in the direction of 

thermophoresis does not produce an additional effect. For case 3 on the contrary whereby 

gravity counteracts thermophoresis, the concentration close to the walls drop as a result. 
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Fig. 4.22 Particle number concentration profile along the cold side of the TP2 for a particle size of 
100 nm with an inlet particle number concentration of 1010 1/m3 and for the different orientation states. 

 

Examining the particle deposition in section R3 as given by the model for different orientation 

cases, it is shown (Fig. 4.23) that especially for larger particles, more particles are deposited 

for case 2 than for case 1 with case 3 showing the lowest deposition of particles for these 

large particles. For particle sizes up to 300 nm, the deviation from case 1 for the number of 

deposited particles is in the acceptable range of ± 1.6 % (cases 2 and 3). It can therefore be 

assumed that the deposition and eventual evaluation of all particles smaller than 300 nm can 

be done irrespective of the orientation of the TP during sampling. 
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Fig. 4.23 Percentage deposition of particles on a 6.5 mm section of the substrate, for a temperature 
gradient of 15 K/mm. Effect of Brownian diffusion and gravity shown for a case where no temperature 
gradient exists. 

4.2.5 Effect of Brownian diffusion on deposition 

The effect of Brownian diffusion on the deposition especially for the smaller particles as well 

as the effect of gravity on the deposition particularly for the larger particles in the worst case 

(case 2: gravity working in the same direction as thermophoresis) is illustrated in Fig. 4.23. 

For 20 nm particles for example about 11.9% of all inflowing particles of this size would be 

deposited in section R3 by Brownian diffusion without the presence of thermophoresis. This 

amounts to 34% of all particles of this size deposited in this section with the influence of 

thermophoresis. Since thermophoresis is however directed diffusion, its effect in the TP2 for 

the operating conditions, overwhelms the Brownian random diffusion. Brownian diffusion 

therefore only plays a role in the inlet region. Considering that up to 16% of all inflowing 

20 nm particles were deposited in the inlet region, the decision to shorten the inlet tunnel to 

2 mm was justified. Up to 32% of all inflowing 20 nm particles would be deposited in the inlet 

region on a stretch of 8 mm (as in the TP1). The difference between the three deposition 

curves for the three different orientations of the TP2, and the curve for the case with 0 K/mm 

clearly shows the efficiency of thermophoresis.  
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4.2.6 Effect of particle material type (density) on deposition 

Simulations with particles of different densities also confirmed the analytical calculations. The 

particle deposition curves for the different orientation cases are illustrated in Fig. 4.24 for 

particles with unit density (1 g/cm³) and iron particles (7.9 g/cm³). 

 
Fig. 4.24 Percentage deposition for particle with different densities and for the three orientation cases. 

 

For smaller particles, there is no observable deviation in the percentage deposition of cases 2 

and 3 from case 1, in the region of uniform deposition. For 300 nm particles with unit density, 

a deviation of about ± 1.6 % was observed. For 300 nm iron particles (  = 7.9 g/cm³), there is 

a deviation of about ± 8.4 %. For the default orientation (Case 1) however, there is a minor 

difference between the deposition patterns of particles of unit density and iron particles which 

is only noticeable for very large particles (~1000 nm). This minor difference is caused by the 

higher thermal conductivity of the iron particles which leads to a smaller thermophoretic 

velocity. Generally one can conclude from Fig. 3.30 that for the default orientation, the 

deposition of particles sizes up to 1000 nm is only slightly dependent of particle material type 

(density and thermal conductivity) and for the case of iron particles and water liquid, there is 

an acceptable deviation of 2% in the deposition rate. If the TP2 is not carried in the default 

orientation, i.e. cases 2 and 3, particle sizes up to 300 nm can be evaluated without prior 

knowledge of the orientation with a ± 8.4 % uncertainty. For larger particles up to 1000 nm, 
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the use of calibration factors may be feasible if the main orientation is known. For Case 3 for 

example, large particles with higher densities will not be deposited on the substrate. Such an 

orientation may be used to separate larger high density particles from smaller particles (which 

may be of interest).  

4.3 Uncertainties 

In the numerical modelling of the TP2, some assumptions are made and boundary conditions 

are simplified in order to save simulation time as well as facilitate the convergence of the 

solution. As a result of the assumptions, uncertainties may arise in the final result of the 

numerical model. Uncertainty is defined in this context as the margin of error than can be 

made when comparing the results of a numerical model with the results one would expect in 

the reality given the changes in physical conditions that occur in reality.  

As has been described before, numerical modelling was carried out using a two dimensional 

grid in order to reduce the simulation time from about 48 hours to about 2 hours. In the 2D 

model, it was assumed that the flow tunnel is infinitely wide. The effect of the side walls in this 

case is therefore neglected. Considering the fact that the flow tunnel should have a width of 

6 mm compared to a height of 1 mm, the effect of the side walls on the flow and temperature 

profile is expected to be very small. By taking a look at the 3D grid one can examine the flow 

and temperature profiles in the TP2 along both the length and the width. Fig. 4.25 shows the 

flow and temperature profiles along the width (in the middle) of the TP2. No notable 

differences were found between the temperature gradients and flow profile in the middle of 

the 3D Model and the representative 2D Model. The effect of the side walls on these profiles 

in the middle of the TP2 was therefore not noticeable There is a similar profile about 0.5 mm 

from the wall as the middle which is represented by the 2D. The assumption of infinitely wide 

plates in the 2D-model is therefore a fair assumption.  
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Fig. 4.25 Flow profile (A) and temperature profile (B) in the middle of the TP.  
 

In the numerical model, the boundaries were all assigned specific values of temperature. This 

is in order to keep the model as simplistic as possible and ensure that the solution can easily 

converge. A temperature gradient is created in the gas with respect to these assigned values 

at the boundaries. There however exist no temperature gradients in the walls. The 

temperatures of the inlet and outlet regions of the TP2 were always set to the temperature of 

the cold plate at 293 K which was set to be the operating temperature of the TP2. In this case, 

particles which flow into the TP2 only experience a temperature gradient when they reach the 

region of the plates. The inhomogeneous temperature gradient which builds up in this region 

between the warm plate and the cold plate as well as between the warm plate and the inlet 

region causes particles to deposit inhomogeneously at the start of the plates. In reality, due to 
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heat transfer, the temperature of particularly the upper wall (warmer side) of the inlet tunnel 

shall increase due to contact with the warm plate. This increase in temperature shall lead to 

the development of a temperature gradient in the inlet region of the TP2. Particles that flow 

into the TP2 shall therefore experience a temperature gradient before they reach the region of 

the plates. The temperature gradient in this section is expected to be relatively low so that the 

amount of particles deposited thermophoretically in this section should be just only a very 

small fraction of the total number of particles which flow into the TP2. The presence of a 

temperature gradient in this section may however cause particles to be deposited on the 

plate, earlier than predicted by the numerical model. 

When calculating the number of deposited particles, FLUENT-FPM does not provide a direct 

tool to investigate the number of particles deposited at each position on the walls. The flow 

rates and mass flow rates in the flow at various positions in the model were used to calculate 

the number of particles which are in the flow at that position. The difference between the 

numbers of particles in the flow at two consecutive positions represents the number of 

particles deposited. 

In the inlet region of the TP2, where particles are deposited mainly by Brownian diffusion, one 

cannot tell if these particles are deposited on the upper or lower wall of the inlet region. This 

section of the TP2 is however not meant for subsequent examination; therefore a quantitative 

value of the deposition is sufficient information from the model. At the start of the plates 

however, the existence of a sudden temperature gradient in this region causes an 

inhomogeneous deposition in this area. Even though the particles are deposited primarily by 

thermophoresis in this region, it is not clear if all the particles are deposited on the cold plate. 

This section is however also not suited for subsequent analysis due to the inhomogeneous 

deposition in this section. In the middle of the TP2, where the thermophoretic force is the 

overwhelming force especially for orientation cases 1 (vertical default position) and 2 

(horizontal with cold plate at the bottom), calculation of particle deposition using this method 

can be assumed to be accurate. For case 3 (horizontal with cold plate at the top), gravity may 

cause some larger particles to be deposited on the warm plate. For particle sizes up to 

300 nm, modelling results show that thermophoresis is still the overwhelming force for this 

orientation and therefore the assumption that the particles are deposited on the cold plate is 

also reasonable for this case. 
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The FPM model can simulate particle growth and transportation with respect to physical 

conditions such as flow, temperature etc. One assumption that is made with the FPM is that 

the particles are spherical in shape. Since the diffusion equivalent diameter of particles is the 

important property for thermophoresis, the shape of the particle is of particular importance. 

Zheng (2002) compared available theories of thermophoresis of spherical and non-spherical 

particles and conclude that meanwhile there are a few studies for thermophoresis of non- 

spherical particles in the near-continuum and free molecular regime, knowledge of 

thermophoresis of non-spherical particles is still very limited.  

4.4 Summary of analytical and numerical models  

Development of the TP2 was performed by analytical and numerical modelling. The 

developed analytical model was a simplistic model neglecting some physical effects, e.g. 

Brownian diffusion, buoyancy, parabolic flow profile in the TP2 as well as temperature effects 

at boundaries. Analytical modelling provided initial estimates for the design of a grid and also 

estimates of some boundary conditions which were put into a numerical model. For a plug 

flow velocity of 5.5 mm/s and a gap distance of 1 mm between the plates, a temperature 

gradient of 15 K/mm was calculated by the analytical model which ensures a complete 

deposition of sub-micron particles along the entire length of a 20 mm long substrate. Because 

of a homogeneous temperature gradient created between the warm and cold parallel plates of 

the TP2, a homogeneous deposition was expected along the entire length of the plate. 

Numerical modelling was performed with FLUENT using the analytically obtained parameters 

as boundary conditions. The numerical model takes into consideration, a more realistic 

parabolic flow profile between the plates, temperature irregularities at the boundaries of the 

plates, buoyancy effects, Brownian diffusion and the effect of gravity on the deposition. 

Results from the numerical model show that the estimate of a temperature gradient of 

15 K/mm for a gap distance of 1 mm was a very good. For these conditions, a representative 

homogeneous deposition of all particles < 300 nm was realized on a 6.5 mm length of the 

substrates with an acceptable maximum deviation (particle size and TP2 orientation 

dependent) of 11%. This 6.5 mm length of homogeneous particle deposition provides a 

sufficient area for eventually SEM analysis. Results from the numerical model also show that, 

for larger particles up to the examined size of 1000 nm, the deposition in the 6.5 mm section 
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be examined and the airborne particle number concentration can only be calculated if the TP2 

orientation during sampling in known. These results from the numerical modelling provided 

the basis for the design and construction of the TP2. 
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5 Design and Construction of the TP2 
As a personal sampler which should be carried by a worker for an entire shift, the TP2 had to 

be light weight and small to be easily carried. The TP2 should also be battery operated and 

therefore the power consumption should be low so that it can be operated continuously for at 

least 8 hours. The above conditions were considered when choosing components for the 

TP2. Two determining factors in the design of the TP2 were the creation of a stable and 

constant temperature gradient and the reliable provision of an appropriate volumetric flow 

rate.  

5.1 Creating a stable and constant temperature gradient 

Peltier elements were utilised to realise a constant temperature gradient. A Peltier element is 

a thermo-electrical diode which creates a heat flux when a current is applied. Connecting a 

Peltier element to a DC source causes one side to become colder, while the other side 

becomes warmer. The temperature difference between the two sides is a function of the 

applied current. By using two Peltier elements in parallel (see Fig. 5.1), with one Peltier 

element used to heat up the warm plate and the other used to cool the substrate, a 

temperature gradient is created between the plates. 

 
Fig. 5.1 The functioning principle of the TP2. The change in colouration from blue to red in the Peltier 
elements, indicates an increase in temperature.  

 

To check the feasibility of Peltier elements for this application, laboratory tests were 

conducted with commercial Peltier elements (TEC1-3105) with dimensions of 
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20 mm x 20 mm x 3.9 mm. A 0.5 mm thick copper plate was placed on the warm side to 

simulate the warm plate and a 0.625 mm thick silicon substrate was placed on the cold side. 

The warm and cold sides were held apart by a 1 mm thick custom made spacer made from 

heat insulating polycarbonate. Accurately measuring the temperatures of the inner surfaces of 

the plates, hence the temperature difference between the plates was rather difficult with the 

plates held only 1 mm apart. The smallest available thermocouples were about 0.5 mm in 

diameter. It was not possible to place and hold two of such thermocouples in place in the 

1 mm gap without influencing the temperatures. Furthermore since the temperatures of the 

plates have to be continuously measured and regulated during sampling in order to guarantee 

a constant temperature gradient during the entire sampling period, measuring the 

temperatures on the inner surfaces of the plates will interfere with the flow in the TP2. For 

these reasons, the temperatures were measured between the Peltier elements and the 

plates. Laboratory tests showed that there is about a 0.5 K temperature loss across the 

plates. This means that to achieve a temperature difference of 15 K between the plates, a 

temperature difference of 16 K had to be achieved between the locations where the 

thermocouples were placed. The required temperature difference of 16 K (15 K between the 

inner surfaces of the plates) was achieved and held constant by additionally applying heat 

sinks to both Peltier elements and by cooling the cold side with a small fan. The total power 

consumption was in the order of 1 W, which can be provided for several hours by modern 

batteries. These preliminary experiments showed that the use of Peltier elements is feasible 

to operate the TP2.  

5.2 Creating a stable and constant flow rate 

The dimensions of the inlet slit as well as the flow tunnel is 1 mm x 6 mm. A flow velocity of 

5.5 mm/s in the TP2 corresponds to a volumetric flow rate of 2 ml/min. Due to the difficulty of 

creating and measuring this small flow rate, a custom made setup was built for this purpose 

as shown in Fig. 5.2.  
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Fig. 5.2 Experimental setup used to calibrate the flow rate of the TP2 

 

A soap bubble was created and sucked into a pipette. A small ventilator pump was used in 

connection with a capillary, using the pressure drop over the capillary to create a small flow 

rate which moves the bubble across the pipette. The time taken for a bubble to cover a 

volume of 2 ml in the pipette is measured. The rotational speed of the pump was adjusted for 

capillaries of different diameters and lengths in order to achieve a time of exactly 1 min, 

thereby achieving a flow rate of 2 ml/min. The procedure was repeated for several 

adjustments of the pump rotational speed and for different capillary sizes until an optimal 

combination was found. A volumetric flow rate of 2 ml/min was created and measured for a 

rotational speed of 5820 revolutions per minute and for a capillary with a diameter of 0.55 mm 

and 25 mm long 

5.3 Graphical design of the TP2 

Under consideration of the dimensions of the Peltier elements, heat sinks and plates that 

have to be built into the TP2, a graphical design was created. The graphical design was done 

with the CAD software Cocreate Modeling from PTC® (http://www.ptc.com). 

5.3.1 First prototype of the TP2  

Fig. 5.3 shows an explosive drawing of the first design of the TP2. In the design of this first 

version of the TP2, various considerations were taken. All the components had to be 

designed to fit optimally in an appropriate casing. The sizes of the heat sinks for example 
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were therefore designed to match the sizes of the Peltier elements and the ventilator. Due to 

the unsuitability of measuring the temperatures directly on the inner surfaces of the plates 

during sampling, thermocouples were placed in between the Peltier elements and the plates 

and the temperatures at these points were measured. The ventilator which cools the heat sink 

pulls air from the opening in the lid. The ventilator cap ensures that the air intake is directed 

away from the inlet slit of the TP2 so as not to affect the intake of aerosol during sampling. 

 

 
Fig. 5.3 Graphical design of the first version of the TP2 as an exploded view drawing and as an 
assembled unit with dimensions of 50 mm x 58.7 mm x 99 mm 

 

One new concept in the design of the TP2 is the substrate insertion unit (SIU). This is a major 

improvement in the handling of the substrate over the TP1. The SIU ensures that the TP2 

does not need to be dismantled in order to retrieve the substrate. This saves time and 

ensures that the substrate can be retrieved in the field and not necessarily in a laboratory 
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before analysis. In a case where the particle number concentration at a workplace is very 

high, multiple samples can therefore be taken. 

The substrate and the warmer plate are placed into the SIU which has an inbuilt inlet slit and 

a 1 mm spacer which keeps the plates at the required gap distance. The SIU is then 

introduced into the TP2. On one side of the TP2, the lid is connected to the heat sink which is 

glued with special thermally conductive glue to the corresponding Peltier element and the 

connecting plate. Thermocouples are placed between the Peltier elements and the 

connecting plates before these components are glued together. On the other side of the TP2, 

the other lid is connected to the other heat sink and the ventilator. This is then glued with the 

special glue to the other Peltier element and the other connecting plate. These connecting 

plates containing the thermocouples, serve as a medium to transmit heat to the plates as well 

as measure the temperature of the substrate and the warmer plate. Both sides of the TP2 are 

placed on spring cages, four on each side, which hold the sides apart. The function of the 

spring cages is to push the lids a few millimeters away from the body in order to provide room 

for inserting or retrieving the substrate insertion unit. After insertion of the SIU the sides are 

pressed together to ensure contact with the plates and are then held in place by screws. Fig. 

5.3 also shows the assembled TP2 having dimensions of 50 mm x 58.7 mm x 99 mm with the 

first prototype weighing 185 g.   

5.3.2 Improvement on the first prototype of the TP2 

The first version was built at the University of Duisburg-Essen and first tests were carried out. 

These tests provided various indications where the design of the TP2 could be improved on. 

One major finding from the tests was the redundancy of the ventilator. The ventilator was 

desired for cooling the warmer side of the Peltier element (used for cooling the substrate) so 

that the temperature of the substrate would not rise infinitely. It was found that the 

temperature of the substrate was never more than 3 K above ambient temperature without 

the use of the ventilator. The temperature gradient however always stayed constant since 

both Peltier elements are set up such that the same current runs through them and thereby 

causing the temperatures to change simultaneously. The ventilator was therefore found to be 

unnecessary. In a second version of the TP2, the ventilator was taken out along with the 

ventilator cap and the width and height of the TP2 consequently reduced. Improvements were 
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also made to the SIU for easier handling. The spacer which was previously built into the SIU 

was designed as a separate component. This made it easier to place and retrieve the plates 

from the SIU. An explosive view of the improved second version of the TP2 is shown in Fig. 

5.4 together with the assembled version. The dimensions of the improved version are 

45 mm x 32 mm x 97 mm and which is 5 mm x 26.7 mm x 2 mm smaller in dimensions than 

the first design. The Improved TP2 now weighs only about 140 grams which is 45 grams 

lighter the first design due to the elimination of the ventilator, ventilator cap and some body 

material.  

 
Fig. 5.4 Improved second version of the TP2 with dimensions of 32 mm x 45 mm x 97 mm.  

5.4 Choice of materials for construction of the TP2 

A key step in the construction of the TP2 is the choice of materials whose properties are 

suitable for such an application. The major points which were considered for the choice of 

materials for the housing of the TP2 are the following: 

 It had to be lightweight so that the TP2 can be easily carried by a worker. 
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 It should have a low thermal conductivity so that the heat is conserved and thereby 

enable the process of keeping the temperature gradient constant.  

 It should not be vulnerable to permanent static charges. This is to prevent the charged 

fraction of the particles to be electrostatically deposited in an undefined manner. 

Considering the above points, Polyoxymethylene, also known as Delrin®, was chosen. 

Anodised Aluminium was used to build the heat sinks and the rear parts. Anodised Aluminium 

is more resistant to corrosion and wear and has a better adhesion to glues than bare 

Aluminium, while maintaining its thermal properties. These properties make it ideal for this 

application. 

The connecting plates which hold the thermocouples for temperature measurements also 

serve as a medium to transmit heat to the substrate and warm plate. A highly thermal 

conductive material is therefore used as a connecting plate in order to minimise heat losses. 

Copper was used for the construction of these connecting plates. Fig. 5.5 shows images of 

the first version (left) and the improved version (right) of the TP2. 

  

Fig. 5.5 Image of the first and second version of the TP2 
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6 Experimental evaluation of the TP2 
The TP2 was built to sample particles in the size range of a few nanometers up to about 

300 nm independent of the orientation of the device during sampling. For the experimental 

evaluation of the TP2, monodisperse Polystyrene Latex (PSL) particles were envisaged as 

test particles because of their almost perfectly spherical shape. Spherical particles are 

assumed in the description of the theory of thermophoresis hence the expressions describing 

thermophoresis also used in the model. PSL spherical particles which also have a density of 

1.05 (~ unit density used in the model) are therefore ideal evaluating the predicted 

homogeneous deposition characteristic of the TP2. Moreover, comparative particle number 

concentration measurements are made under the assumption of spherical particles which 

further supports the use of such particles for the experiments.  

6.1 Experimental setup 

The experimental setup for evaluating and validating the TP2 is shown in Fig. 6.1. Two 

different methods were used to disperse particles of different size ranges. The dispersion of 

PSL particles above a particle size of about 90 nm could be easily achieved using an 

Atomizer. Dispersion of PSL particles of sizes smaller than 90 nm was difficult. By using an 

Atomizer to disperse these particles, there is a high background concentration of small 

particles present in the solution (usually distilled water) in which the particles are suspended. 

This high concentration of small particles sometimes overwhelms the real particle signal. 

When dispersing these particles using an electrospray, which is known to effectively disperse 

smaller particles, particles could be generated constantly for only a few minutes because a 

small capillary used in the device gets blocked after a short while. It is usually necessary to 

sample particles for at least a few hours in order to have a high enough deposition density of 

particles for meaningful quantitative analysis. Experimental validation of the TP2 was 

therefore performed using soot agglomerates in the size range of 14 nm to 98 nm generated 

by a graphite aerosol generator (GFG-1000, PALAS GmbH). 
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Fig. 6.1 Experimental setup for evaluating the TP2.  

6.1.1 Description of deployed equipment 

For the evaluation of the TP2, an Atomizer (TSI Model 3076) was used to generate test 

particles for particle sizes larger than about 95 nm. A graphite aerosol generator (PALAS 

GFG-1000) was used to generate soot agglomerates in the electrical mobility size range of 

14 nm to 98 nm. Parallel comparative measurements were carried out with a Scanning 

Mobility Particle Sizer (SMPS, TSI Model 3936) using a Differential Mobility Analyzer (DMA, 

TSI Model 3081) in connection with a Condensation Particle Counter (CPC, TSI Model 3776). 

The equipment used is described in detail in the following sub-chapters. 

6.1.1.1 Atomizer (TSI Model 3076) 

Fig. 6.2 shows a schematic of an assembly block of an Atomizer. An Atomizer generates 

particles by creating a fine spray of suspension droplets containing the particles. Compressed 

air is connected directly to the input of the Atomizer. The air is then expanded through the 

atomizer nozzle, producing a high-velocity jet. As a result of the Bernoulli effect, liquid is 

drawn into the atomizing section through a vertical passage and is then atomized by the jet. 

Large droplets are removed by impaction on the wall opposite the jet and excess liquid is 

drained at the bottom of the Atomizer vessel. Fine spray leaves the Atomizer through a fitting 

at the top. 
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Fig. 6.2 Schematic of Atomizer (TSI Model 3076) assembly block 

6.1.1.2 Diffusion Dryer (TSI Model 3062) 

A diffusion dryer removes moisture from a gas. A diffusion dryer is commonly used with 

aerosol generators like an Atomizer where the particles are suspended before dispersion. The 

aerosol inlet of the dryer used for these experiments incorporates a water trap that collects 

coarse water droplets. Two concentric cylinders formed by an inner wire screen cylinder and 

an acrylic outer cylinder contain an annular volume of silica gel. As wet aerosol flows through 

the inner cylinder, water vapour diffuses through the wire screen and is absorbed by the silica 

gel. Particle loss is minimized because the particles do not come into contact with the silica 

gel. Upon saturation, the silica gel is easily regenerated in an oven at 120°C. A sketch as of 

the TSI Model 3062 diffusion dryer is shown in Fig. 6.3. The drying section of the tube is 

shown in Fig. 6.4. 
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Fig. 6.3 TSI Model 3062 Diffusion Dryer 
 

 
Fig. 6.4 Schematic of a desiccant dryer tube 

6.1.1.3 Graphite Aerosol Generator (PALAS GFG-1000) 

The GFG-1000 generates very small soot particles through high voltage sparks between two 

graphite electrodes. In order to avoid oxidation of the particles, the area between the 

electrodes is washed with Argon. The carbon which is vapourised in the spark gap is 

transported out of the area between the electrodes and condensed to form very small primary 

particles, which then form larger agglomerates. The degree of agglomeration is dependent on 

the concentration of the primary particles. By changing the frequency of the sparks or the flow 

rates, the particle mass current can be can be varied. One can also reduce the degree of 

agglomeration by diluting the aerosol immediately after formation. A schematic of the PALAS 

graphite aerosol generator is shown in Fig. 6.5. In the setup to evaluate the TP2 with the 



Experimental evaluation of the TP2   
 

 70 

GFG-1000, other parameters such as temperature can be regulated so that the particles can 

be introduced into the compensation tank at room temperature. 

 

 
Fig. 6.5 Schematic of a graphite aerosol generator (PALAS GFG-1000) 

6.1.1.4 Scanning Mobility Particle Sizer (SMPS – TSI Model 3936) 

In an SMPS (Wang and Flagan, 1990), charged particles are classified based on their 

electrical mobility. With the SMPS (Model 3936 with electrostatic classifier Model 3080, 

Differential Mobility Analyzer (DMA) Model 3081, Neutralizer Model 3077 and CPC Model 

3776, TSI Inc.), the number size distribution of submicron particles can be determined under 

the assumption that the particles are spherical in shape. The electrical mobility of an aerosol 

particle is defined as a measure of its ability to move in an electric field. An aerosol particle in 

an electric field, E, carrying n electric charges experiences an electrical force, causing it to 

move through the gas in which it is suspended. It very quickly reaches its terminal velocity, v. 

The resulting drag force on the particle is given by Stokes law and can be equated to the 

electrical force to determine the electrical mobility of a particle. The electrical mobility ZP, is 

given by equation 6.1 as follows: 
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           (6.1) 

Where  

n = number of elementary charges on particle 

e = elementary charge (1.6 x 10-19 Coulomb) 

Cc = Cunningham slip correction factor (equation 3.7) 

 = gas viscosity (kg/ms) 

Dp = Particle diameter (m) 

 

All singly charged particles that have the same value of electrical mobility also have the same 

electrical mobility diameter. For spherical particles, the electrical mobility diameter is identical 

with diffusion equivalent diameter of the particles. For non-spherical particles the 

measurement is based on the mobility equivalent particle size. 

When entering the SMPS, particles are neutralized using a radioactive source such that they 

have a Fuchs equilibrium charge distribution (Fuchs, 1963). The particles are then 

fractionised with respect to their electrical mobility by a Differential Mobility Analyser (DMA), 

with only particles of a narrow range of mobility exiting through the outlet slit. By continuously 

changing the voltage in the DMA (0 to - 10,000V), an electrical mobility diameter range of 

2.5 nm to 1000 nm can be covered, depending on the applied DMA as well as the employed 

flow rates. The monodisperse aerosol fraction is subsequently counted using a Condensation 

Particle Counter (CPC), described in the next sub-chapter. By fractionising the particles, the 

size distribution of the aerosol can be determined using the known and defined charge 

distribution of the particles as well as their mechanical mobility. Electrical mobility analysis 

has been well known for decades and is considered as the standard method for determining 

the number size distribution of submicron particles. The SMPS used, has a size resolution of 

up to 64 channels per decade. The LongDMA (LDMA) was used with an aerosol flow rate of 

0.3 l/min and a sheath flow rate of 3.0 l/min. For a scanning time of 240 s, a particle size 

range of 13.8 – 750 nm is be covered. A schematic flow diagram of the SMPS system used is 

shown in Fig. 6.6. 
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Fig. 6.6 Schematic flow diagram of an SMPS with LDMA 

6.1.1.5 Condensation particle counter (CPC – TSI Model 3776) 

In a CPC, an aerosol sample is drawn continuously usually at a flow rate of 0.3 l/min, through 

a heated saturator where alcohol is vapourised and diffuses into the aerosol sample stream. 

The aerosol sample and alcohol vapour together pass into a cooled condenser where the 

vapour becomes supersaturated and ready to condense. Particles present in the sample 

stream serve as condensation nuclei. Once condensation begins, particles that are larger 

than a threshold diameter quickly grow into larger droplets and pass through an optical 

detector where they are counted easily. At low concentrations, the optical detector counts 

individual pulses produced as each particle (droplet) passes through the sensing zone. For 

very high particle number concentrations, the Model 3776 transitions from the single count 

mode to a photometric mode where the total light scattered from the particles is used to 

determine the concentration based on calibration. A schematic flow diagram of the CPC used 

is shown in Fig. 6.7. 



Experimental evaluation of the TP2   
 

 73 

 
Fig. 6.7 Schematic flow diagram of a TSI Model 3776 Condensation Particle Counter (CPC) 

6.2 Experimental process 

The TP2 was evaluated for a size range from 14 nm up to about 300 nm, which is the upper 

size limit for which device-orientation-independent sampling efficiency is expected according 

to modelling results. For a particle diameter larger than about 95 nm, monodisperse PSL 

particles were used to evaluate the performance of the TP2. PSL particles have a density of 

1.05 g/cm³ and are spherical in shape. In this case the diffusion equivalent diameter of the 

particles, which is the determining size in thermophoretic deposition, is equivalent to the 

electrical mobility diameter of the particles as they are classified by the DMA. A direct 

comparison and thus validation can therefore be made.  

Due to the difficulty in dispersing monodisperse PSL particles below the particle size of about 

90 nm using an Atomizer or an Electrospray, a graphite aerosol generator was used to 

generate soot particles within the size rage of about 14 nm to 98 nm with a mode of about 

35 nm. Due to the polydisperse nature of the aerosol and the non-spherical shape of the 

particles, a direct comparison cannot be made between the diffusion equivalent and the 

electrical mobility diameter of the single particles. Since the homogeneity of the entire size 



Experimental evaluation of the TP2   
 

 74 

range (ca. 20 nm to 300 nm) which is shown by the model is to be evaluated, the mobility size 

range of 14 to 98 nm was therefore evaluated as one size class. Soot has a density of about 

2.1 g/cm³ which is higher than the density of PSL particles. Density however plays a 

negligible role in this size range. An advantage in this method of dispersing particles is that 

the aerosol contains little or no impurity as the aerosol is not suspended prior to dispersion. 

Before sampling particles with the TP2, a cleaned 10 mm x 20 mm substrate was placed into 

the substrate insertion unit and introduced into the TP2. The TP2 was then placed into the 

aerosol equilibration tank and then powered up by a laboratory power adaptor. By applying a 

current of about 1.4 A unto the Peltier Elements, a temperature difference of 15 K is created 

between the plates. This temperature difference was continuously monitored with a 

thermometer using thermocouples as sensors inside to the TP2. The current necessary to 

create the temperature gradient of 15 K/mm may vary minimally as a result of heat losses 

caused by outside factors e.g. ambient temperature. Aerosol was then introduced into the 

equilibration tank. The pump of the TP2 was kept off until a stable temperature gradient was 

reached in order to keep the substrate clean. After about 10 to 15 minutes, when the aerosol 

equilibration tank is saturated and a stable temperature gradient achieved, the pump was 

turned on and parallel SMPS measurements started. Due to the low flow rate in the TP2, no 

influence of the flow on the temperature gradient was detected. Parallel SMPS measurements 

were used to calculate the particle number concentration in the equilibration tank, which was 

assumed to be the particle number concentration at the inlet of the TP2. This value of particle 

number concentration can therefore be used to evaluate the uniformity of the deposition as 

well as for comparison with the model. The SMPS was set to repeat measurements of the 

particle size distribution every five minutes while the temperature gradient between the plates 

of the TP2 was also measured and recorded by a thermometer. Sampling was done for a few 

hours after which the substrate was retrieved and stored in a particle free casing for eventual 

SEM analysis. 

6.2.1 Experiments with particle sizes  95 nm  

Experimental evaluation of the TP2 was performed with two monodisperse PSL particles 

sizes of 95.6 ± 1.2 nm and 305 ± 8 nm. A suspension of each particle size was generated in 

distilled water and placed in an ultrasonic bath for about 30 minutes. This suspension was 
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then dispersed with an Atomizer at a flow rate of about 3.5 l/min. The aerosol was conditioned 

using a diffusion dryer to a relative humidity of about 20 % and introduced into a 30 litre 

aerosol equilibration tank where the TP2 was placed. These particles were sampled for 

several hours while parallel SMPS measurements were made. An example of a size 

distribution for experiments with 305 ± 8 nm is shown in Fig. 6.8. 

 
Fig. 6.8 SMPS results (mean values of several measurements) for a validation experiment with 
monodisperse PSL particles with a size of 305 ± 8 nm.  

6.2.2 Experiments with particle sizes from 14 – 98 nm  

A custom made experimental setup was used to disperse and sample soot agglomerates in 

the size range of about 14 – 98 nm.  
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Fig. 6.9 Experimental setup for dispersing soot agglomerates in the size range of 14 – 98 nm 
 

For the dispersion of particles with the setup shown in Fig. 6.9, filtered air was passed 

through an extra fine-pored filter to take out any impurities. The air flow was then regulated by 

a mass flow controller and introduced into a pipe at a constant flow rate of 36.7 l/min. In the 

Graphite aerosol generator, soot agglomerates produced through high voltage sparks 

between two graphite electrodes, were carried out of the region of the electrodes by argon 

and diluted with filtered air in order to minimise the degree of agglomeration. The aerosol was 

then introduced into the flow pipe about 20 cm after the point of air input, with a flow rate of 

18.3 l/min creating a combined flow rate of 55 l/min (Re 3043). The aerosol was sampled at a 

flow rate of about 1.2 l/min at a point, 5.4 m from the start of the pipe. The aerosol was then 

introduced into the equilibration tank and sampled with the TP2. An example of a size 

distribution for experiments with polydisperse soot agglomerates in the size range of 14 – 

98 nm is shown in Fig. 6.10. 
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Fig. 6.10 SMPS results (mean values of several measurements) for a validation experiment with soot 
agglomerate particles with an electrical mobility size range of 14 – 98 nm. 

 

6.3 Evaluation of the experiments 

The concentration of particles in the equilibration tank must be known in order to compare the 

results of the deposition and evaluated the size dependent deposition efficiency of the TP2. 

The concentration of particles in the equilibration tank was calculated from the size 

distribution measurements performed with the SMPS during sampling (Fig. 6.8 and Fig. 6.10). 

The SMPS gives as output on the lognormal x-axis of Fig. 6.8 and Fig. 6.10, the electrical 

mobility diameter of the particles and on the y-axis, the normalized lognormal concentration 

with respect to the number of size bins (channels) of the instrument used. The SMPS used for 

these experiments had a size resolution of 64 size channels per decade. When calculating 

the concentration of the monodisperse section of such an SMPS spectrum, the width of the 

transfer function is considered. Since the SMPS was operated with 64 channels per decade, 

the normalized concentration values of a narrow section of electrical mobility as shown in Fig. 

6.8 are summed up and divided by 64 to get the concentration of the primary particles. For 
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each experiment the measured concentration of primary particles is assumed to be the 

concentration of particles at the inlet of the TP2 and hence be used for comparative studies. 

For the experiments with soot agglomerates, due to the undefined morphology of the 

particles, there is no direct comparison of the diffusion equivalent diameters and electrical 

mobility diameters as with PSL particles; it is difficult to calculate the particle number 

concentration of different size classes for comparison with SEM counts. For this reason, the 

size range shown in Fig. 6.10 was chosen as one size class. 

6.3.1 SEM examination of the TP2 Substrates  

After sampling, the substrates were examined using an SEM. SEM images were taken from 

various sections of the substrate with special emphasis made on the 6.5 mm section (Fig. 

4.18) of expected homogeneous particle deposition as shown by the model. Fig. 6.11 shows 

the locations on the TP2 substrates where SEM images were taken and examined. 

 

 
Fig. 6.11 locations on the TP2 substrate which were examined by SEM 
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Typically, 158 SEM images were taken for each substrate. One overview image is taken for 

each of the eleven positions shown in Fig. 6.11. More detailed images are then taken in all 

the positions listed. The magnification of the images taken is dependent on the size of the 

primary particles which are being examined. The magnification was chosen to be sufficiently 

large such that the primary particles could be clearly distinguished from any other impurity 

which may have been present on the substrate prior to sampling. The magnification was 

however not chosen to be larger than necessary in order to have a bigger surface area and 

hence higher number of particles to examine. For the primary particle size of 305 nm, a 

magnification of 10,000 was chosen. Fig. 6.12 shows an example of an SEM image taken 

with a magnification of 10,000. The particle size of the primary particles on the substrate 

agrees well with 305 ± 8 nm. 

 
Fig. 6.12 Example of an SEM image taken with a magnification of 10,000. PSL particle size of 305 ± 8 nm.  

 

Nine such images (Fig. 6.12) were taken of positions 01, 02 and 03 to investigate the 

homogeneity at the inlet. Nine images were also taken for positions 09, 10 and 11. For 

positions 04, 06 and 08, in the section where homogeneous deposition is expected, 25 

images each were taken and nine images were each taken for positions 05 and 07. Fig. 6.13 

further illustrates the pattern with which the SEM images were taken. This pattern of 
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evaluation was chosen for the section where a homogeneous deposition is predicted by the 

model in order to examine homogeneity of the deposition, dependent on the number of 

images evaluated. The number of particles deposited is a function of the particle number 

concentration at the inlet, the flow rate and the sampling time. For the case of Fig. 6.12, the 

mean particle number concentration calculated from the SMPS measurements was about 

2.25*1010 1/m³ for a flow rate of 2 ml/min and sampling time of 4 hours. The number of 

particles deposited as shown by the image makes it more efficient to count the particles per 

hand rather than using any of the available analysis software. 
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19 12 10 14 12                   

                        
Fig. 6.13 An example of the pattern with which SEM images were taken in the chosen positions on the 
substrate. The numbers in the boxes represent the number of particles counted on the SEM images for 
this example for PSL particles with a size of 305 nm  

 

From the mean SMPS particle number concentration, C, which is taken to be the particle 

number concentration at the inlet of the TP2, the sampling time, t, and the volumetric flow 

rate, Q, the total number of particles, N, which flow into the TP2 can be calculated as follows: 

CtQN            (6.2) 

Since the SMPS-measured particle number concentration and sample time are not the same 

for all experiments, results of the deposition are normalized with respect to the number of 

particles that flow into the TP as calculated by equation 6.2. 
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6.4 Experimental Results 

A total of 18 experiments were carried out to evaluate the TP2 in a desired size range up to 

300 nm, where a device-orientation-independent representative deposition is expected. A 

summary of the validation experiments is shown in Table 6.1. For experiments 1 to 11, an 

SEM magnification of 10,000 was chosen given an image size of 7.74*10-10 m².  For 

experiments 12 to 14 with 95.6 nm PSL particles, a magnification of 25,000 (SEM image size: 

1.09*10-10 m²) was chosen and for experiments 15 to 18 with soot agglomerates in the size 

range of 14 to 98 nm, a magnification of 100,000 (SEM image size: 8.02*10-12 m²) was 

chosen. The mean particle counts given in Table 6.1 are with respect to the chosen 

magnification (image size). 

 
Table 6.1 Summary of TP2 evaluation experiments with PSL particles for a size range > 95 nm and soot 
agglomerates with an electrical mobility size range of 14 – 98 nm. 

Particle size 
(type) 
[nm] 

Device 
orientation 

Particle number concentration 
(SMPS) 
[1/m³] 

Sampling period 
[min] 

Mean 
particle 
count 

Std. 
dev. 

305 (PSL) Case 1 2.52*1010 92 12.44 3.59 
305 (PSL) Case 1 1.86*1010 92 9.35 3.53 
305 (PSL) Case 1 1.16*1010 90 5.10 2.10 
305 (PSL) Case 1 6.07*1010 150 4.68 1.76 
305 (PSL) Case 1 1.54*109 180 15.32 3.20 
305 (PSL) Case 2 2.11*1010 90 11.66 3.02 
305 (PSL) Case 2 7.43*109 92 4.31 1.58 
305 (PSL) Case 2 2.25*1010 240 30.79 4.59 
305 (PSL) Case 3 2.67*1010 120 17.74 4.61 
305 (PSL) Case 3 2.34*1010 240 24.50 6.07 
305 (PSL) Case 3 2.30*1010 180 20.19 4.28 
95.6 (PSL) Case 1 8.19*1010 300 20.30 3.49 
95.6 (PSL) Case 1 3.64*1010 300 10.89 2.78 
95.6 (PSL) Case 1 1.00*1011 300 24.78 3.96 

14 – 98(soot) Case 1 1.08*1012 240 23.06 4.64 
14 – 98(soot) Case 1 1.26*1012 332 34.64 4.30 
14 – 98(soot) Case 1 1.03*1012 368 25.40 5.92 
14 – 98(soot) Case 1 1.10*1012 248 17.93 3.75 
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6.4.1 Deposition rates in comparison to modelling results 

Substrates were evaluated by SEM according to the pattern described in Fig. 6.11. A 

comparison of the mean particle count on SEM images and the calculated values using 

equation 4.2 is shown in Fig. 6.14. 

 

 
Fig. 6.14 Mean particle count on the SEM images taken on positions along the length of the substrate, in 
comparison to calculated values from the numerical model. This experiment was performed with 
monodisperse particles with a size of 305 ± 8 nm. An inlet particle number concentration of 1.55*1010 
1/m³ was measured for this experiment for a sampling period of 180 minutes. 

 

Fig. 6.14 shows a homogeneous deposition of particles along positions 04 to 08 which 

represent the 6.5 mm section where homogeneous deposition was predicted by the model. 

Quantitative comparison in deposition between the experiment and the numerical model is not 

directly possible because the numerical model was an idealized two dimensional model which 

neglects the effect of walls as well as other constructive and physical non-conformities.. In all 

experiments however, it was shown that in the 6.5 mm x 6 mm section of the substrate where 

homogeneous particle deposition is expected, a size-independent representative sample of 

particles is deposited. Subsequent SEM evaluation of TP2 samples can therefore be 

performed with only about 5 to 10 SEM images taken in this section.  
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In the model, it is assumed that the inlet region of the TP2 has a constant temperature value 

which is exactly equal to the ambient temperature and the temperature of the warm plate is 

constantly 15 K warmer than this inlet region as well as the colder plate (substrate) which is 

also constantly at ambient temperature. Heat transfer to the inlet region is neglected. A 

sudden temperature jump at the start of the plates is modelled which causes a sudden 

inhomogeneous increase in the temperature gradient at the start of the plates. In reality, heat 

transfer to the inlet tunnel from the warm plate, creates a temperature gradient towards the 

inlet and eliminates the sudden temperature jump as given by the model. The large difference 

in the number of particles actually deposited in this inlet region compared to the predicted 

deposition is due to this reason. 

6.4.2 Deposition rates with respect to particle size 

 For all experiments, the deposition in the sections 04 to 08 was determined to be 

homogeneous and reproducible. Fig. 6.15 shows the percentage of particles that flow into the 

TP that are deposited in the five different positions analysed (Fig. 6.12) in the 6.5 mm*6 mm 

section where homogeneous deposition as predicted by the model and for the size classes 

investigated. Because of differences in the sizes of SEM images all particle counts per SEM 

image surface area, were projected to a surface area of 1 mm2. It is shown that particles are 

deposited homogeneously in this section which implies that SEM analysis of TP samples can 

therefore be performed with only a low number of, e.g. about five to ten SEM images taken in 

this section. For samples taken at high concentrations and/or for long sampling periods, fewer 

images are sufficient to evaluate the sample while more images may be needed in cases of 

low particle number concentration (low particle deposition density on the substrate. 
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 Fig. 6.15 Percentage of particles that flow into the TP, that are deposited in 1 mm2 sections in the region 
of the TP where homogeneous deposition was predicted by the numerical model. 
 

6.5 Calculating particle number concentration from mean 

particle count on evaluated SEM images 

From the mean count on examined SEM images, it is possible to calculate the number size 

distribution as well as an average particle number concentration which a worker carrying the 

TP, was exposed to for an entire shift. The calculation of the number size distribution and 

particle number concentration is made easier by the homogeneous nature of the deposition 

whereby only a few SEM images can representatively reproduce the number size distribution 

and particle number concentration during sampling. The following expression was used to 

calculate the particle number concentration from the mean count on the SEM images 

whereby, the TP deposition rate per unit area =  * Particle number concentration.  
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C*
t*A

N

SEM           (6.3) 

Where, N  is the mean count on the examined SEM images, ASEM (m²) is the surface area of 

the examined SEM image, t (s) is the sampling period, C (1/m³) is the particle number 

concentration and  (m/s) is an experimentally determined calibration factor, which converts 

the deposited particles per surface area and time into a volumetric particle number 

concentration. By introducing the SMPS measured particle number concentration as C in 

equation 6.3, the value of  can be derived which is the gradient of the fit in the graph plotting 

the TP deposition rate per unit area against the measured particle number concentration. Fig. 

6.17 shows the correlation between the TP deposition rate per unit area and the SMPS-

measured particle number concentrations. 

The results in Fig. 6.17 show a very good correlation coefficient of R² = 0.98 between the TP 

deposition rates and the SMPS measured concentrations for all experiments and this for all 

particle sizes. This shows that a representative deposition for all particle sizes has been 

established. From Fig. 6.17 one can calculate the real particle number concentration by using 

the slope of the linear trend line to get the value of the correction factor , which is 0.00016 

m/s. Fig. 6.17 furthermore proves that by operating the TP with a temperature gradient of 

15 K/mm, and flow rate of 2 ml/min, a representative, particle size-independent (<300 nm), 

homogeneous deposition is achieved. 
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Fig. 6.16 Correlation between TP2 particle deposition rate per unit area and SMPS particle number 
concentrations for the evaluation experiments performed using mean particle count and sampling time 
as listed in Table 4.1  
 

The particle number concentration during sampling can be calculated using the mean particle 

count on about 5 SEM images taken of the substrate on a stretch between 1.5 mm to 8 mm 

from the start of the substrate. Operating the TP under the abovementioned conditions, a 

correlation factor ( ) of 0.00016 m/s can be used with equation 6.3 to calculate the particle 

number concentration during sampling. 

6.6 Uncertainty Analysis 

The process of evaluating the performance of the TP2 was carried out as shown in Fig. 6.17. 

During the evaluation of the TP2, there were some uncertainties in some of the processes 

shown in Fig. 6.17.  The uncertainties may more or less affect the results of the experiments, 

which is the deposition rate on the TP2 substrate. The uncertainties in some process e.g. the 

sampling efficiency of the SMPS system have been described. Uncertainty in other processes 

such as the aerosol motion and general uniformity over time in the aerosol equilibration tank 

cannot be quantified. This chapter analyses the uncertainties in the evaluation process. 
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Fig. 6.17 Experimental setup and evaluation scheme of TP2 
 

Effects of cross flow on sampling efficiency 

Modelling results showed that the velocity of the cross flow at the inlet of the TP2 can affect 

the number of particles which are drawn into the TP2 inlet (This is described in detail in 

Appendix B). For particles in the size range of interest (< 300 nm), the effect of the cross flow 

was shown to be size-independent. Operating the TP2 at steady flow conditions with a cross 

flow velocity of at most 10 times the velocity of flow in the TP2 ensures that at least 90 % of 

particles are drawn into the TP2. This is however the result of an idealised CFD model and 

has not been experimentally verified.  

Measurement uncertainty of the SMPS 

A recent comparability study (Kaminski et. al., 2012) was conducted with 8 SMPS systems 

amongst eleven electrical mobility based instruments for the measurement of particle number 

size distribution. Except for two SMPSs using an older data acquisition and evaluation 

software version, the SMPSs agreed well with CPC concentration measurements with 

Sodium Chloride particles in the size range of about 10 – 100 nm with a small deviation of 

about ±5%. The exact concentration of an aerosol is not known and cannot be directly 

(manually) verified. The results of these measurements are therefore trusted due to the theory 

behind the techniques which agrees for the several instruments in which it is implemented in. 

Possible errors during SEM image analysis 

The Pattern of SEM images taken for analysis ensured that the images are representative of 

the deposit (Fig. 6.11). Counting of deposited particles on SEM images was performed 
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manually which cancels out the possibility of a systematic error as one would expect with a 

particle counting software. The manual count on the SEM images was repeated to eliminate 

the possibility of counting errors.  
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7 Summary and Outlook 
The goal of this work was to develop a new Thermal Precipitator (TP) as a personal sampler, 

using an earlier version (TP1) developed by the German Federal Institute for Occupational 

Safety and Health (BAuA) for occupational particle exposure studies (Plitzko, S. BIA Report 

7/2003e), as a basis. The new thermal precipitator (TP2) was developed to sample sub-

micron particles homogeneously on silicon substrates in order to simplify subsequent 

Scanning Electron Microscopic (SEM) examinations (Azong-Wara et al, 2009). An 

inhomogeneous particle deposition caused by an inhomogeneous temperature gradient in the 

TP1 required extensive and expensive SEM analysis. This was a major drawback with the 

TP1. Uncertainty about the temperature gradient and flow rate also made subsequent 

characterization of the deposition very difficult. A need for optimization was therefore 

identified and the TP2 was developed with a uniform temperature gradient, together with 

measurable and controllable temperature gradient and flow rate which resulted in a 

homogeneous quantifiable particle deposition on the substrate. Subsequent SEM evaluation 

was therefore made much easier because only a few images of the deposit are now needed 

for a quantitative analysis of the deposition.  

A uniform temperature gradient was achieved in the TP2 by introducing two parallel plates of 

different but uniform temperatures in the TP2 with an appropriate gap distance between the 

plates, the colder plate acting as the substrate for particle deposition. Analytical calculations 

were conducted in order to determine the appropriate gap distance and temperature gradient 

between the plates which is necessary to achieve a representative deposition of particles on a 

20 mm long substrate. 20 mm long plates were chosen because it was the diameter of the 

substrates of the TP1, which was seen size-wise to be optimal for a personal sampler. A 

temperature gradient of 15 K/mm and a gap distance of 1 mm in combination with a flow 

velocity of 5.5 mm/s (flow rate = 2 ml/min) were found to be optimal. The small flow rate which 

was adopted from the TP1 was found to be ideal in order to maintain a desired laminar flow 

and to enable particles to be deposited by the weak perpendicularly acting thermophoretic 

force and avoid being carried out with the flow.  

Numerical simulations (2-D) were carried out with the CFD software ANSYS® FLUENT in 

connection with the Fine Particle Model (FPM) to investigate the deposition characteristics of 
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the TP2. The effect of gravity on the particle deposition was also investigated by considering 

three different orientations of the TP2 during sampling. Results from the numerical 

simulations confirmed analytical calculations with a uniform deposition in a 6.5 mm section 

(length) on the substrate. This 6.5 mm section is sufficient for subsequent evaluation as 

according to the simulations more that 33 % of all particles are deposited homogeneously in 

this section. Numerical simulations further showed that particle deposition in the TP2 for 

particles less than 300 nm in size is nearly independent of factors such as device orientation, 

particle density and particle thermal conductivity. For particles above 300 nm, the deposition 

pattern differs depending on the orientation of the TP2, and/or the density of the particles 

collected. For the three different orientations of the TP2 considered; case 1 (worker in upright 

position with the TP2 hanging on his chest pocket or helmet and gravity working in the 

direction of the flow), case 2 (gravity working perpendicular to the flow and in the direction of 

particle deposition) and case 3 (gravity working perpendicular to the flow and against the 

direction of particle deposition) differences caused by particle density for particle sizes up to 

300 nm are in the order of ± 8.4 % for modelling with an extreme case of iron particles with a 

density of 7.9 g/cm³, for which the effect of gravity is more pronounced. Particle sizes up to 

300 nm are however of particular interests in particle exposure studies as the size range of 

about 300 nm represents the minimum of the lung deposition curves. Furthermore larger 

particles are usually removed from the lungs by macrophages and are therefore of lower 

importance for personal exposure assessment.  

Taking the results of these simulations as a basis, the TP2 was designed to represent this 

deposition characteristic. In order to create a uniform temperature on the parallel plates, 

Peltier elements were employed on both plates. The required temperature difference of 15 K 

between the inner surfaces could be achieved and held constant, by applying a heat sink to 

the warmer side of the Peltier element used for cooling and then actively cooling the heat sink 

with a small fan. The total power consumption was in the order of 2 W, which can be provided 

for several hours by modern batteries. These preliminary experiments showed that the use of 

Peltier elements was feasible for designing the TP2.  

The inlet tunnel of the device was shortened from 8 mm as in the TP1 to 2 mm in the TP2 in 

order to minimize particles losses in that area, caused by Brownian diffusion. The particle loss 

in this section was thereby halved. 
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The TP2 was graphically designed with the 3D-CAD Software CoCreate Modeling, with a 

novel Substrate Insertion Unit (SIU) designed to easily introduce and retrieve the substrate 

into and out of the TP2 before and after sampling respectively, without having to dismantle 

the device as was the case with some previous versions. 

A first prototype of the TP2 was built in the university workshop having dimensions of 

50 mm x 58.7 mm x 99 mm and weighing about 185 grams. Preliminary tests were carried out 

with this first prototype and it was found that the miniature fan which was built into the TP2 to 

help regulate the temperature gradient as predicted by preliminary tests was not necessary. 

By taking out the fan, the new TP2 built became smaller with dimensions of 45 mm x 32 mm x 

97 mm weighing 45 grams less than the first prototype at 140 grams. The power consumption 

also dropped to about 1.5 W. 

The TP2 was extensively evaluated and validated using monodisperse Polystyrene Latex 

(PSL) particles of sizes 95.6 ± 1.2 nm and 305 ± 8 nm as well as soot agglomerate particles 

in the electrical mobility diameter range of 14 – 98 nm. Experimental evaluation of the TP2 

showed very promising results. The predicted homogeneous deposition from the model could 

be qualitatively validated. Overall, the deposition of particles up to the evaluated size of 

305 ± 8 nm was found to be particle size-independent and therefore representative of the 

sampled aerosol. By comparing the particle deposition rate per unit area on the TP substrate 

with the SMPS measured particle number concentration which was performed parallel to 

sampling, an expression for calculating the airborne particle number concentration was 

derived, which takes into account the sampling period and the size of the SEM image 

examined. 

In order to increase the deposition density of the TP2, a higher temperature gradient can be 

used. The use of a higher temperature gradient however has to be experimentally validated. 

Modelling results show that for a higher temperature gradient of about 18 K/mm and for the 

same flow rate of 2 ml/min, the section of homogeneous particle deposition is reduced from 

about 6.5 mm to about 4.5 mm. About the same number of particles is deposited in this 

section and therefore a higher deposition density is achieved. The use of a higher 

temperature gradient however increases the power consumption of the TP2. 

Due to the gentle nature of thermophoretic sampling as well as the fact that particles are not 

conditioned or charged prior to sampling, the TP2 can be used to simulate particle deposition 
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in the lungs by sampling particles directly on living cells and examining the effect of the 

deposit on the cells. 

Overall, the TP2 is a huge improvement from the TP1, with the subsequent SEM analysis 

immensely simplified. 

Outlook 

It is planned to use the TP2 in extensive field tests in order to evaluate the performance under 

non-laboratory conditions. The effects of wind velocity and relative humidity on the deposition 

characteristics on the TP2 are still to be investigated. Field tests shall also provide more 

information on the general handiness of the device. The warm plate of the TP2 is expected to 

reach up to 70°C at work places with temperatures above 50°C. It has to be evaluated if the 

heat generated is uncomfortable for the worker carrying the device. The constant noise made 

by the pump also has to be evaluated for its tolerability over an entire working shift. For the 

purpose of field tests, a controller unit is being developed to power and regulate the TP2. This 

unit includes a small pump for creating the small flow rate as well as a module with batteries 

for powering and regulating the Peltier elements. The TP2 was extensively operated for long 

hours in the laboratory under near ideal conditions. The TP2 was usually not mobile during 

laboratory tests. As a (mobile) personal sampler, the durability of the device still needs to be 

tested in the field.  

Due to the relatively low temperature gradient applied in the TP2 as well as the gentle nature 

of thermophoretical particle deposition, the TP2 can be used as the basis to develop a 

sampler which samples particles directly on living cells for toxicological analysis. For this the 

colder plate of the TP can be operated at body temperature in order to keep the cells alive 

and the warm plate operated at a temperature which is 15°C higher than the colder plate 

(cells). Information about the region of homogeneous particle deposition in the TP2 helps 

scale such a TP correctly including the position where the cells can be placed. 
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Appendix 

Appendix A 
 
A simulation grid was developed to model the sampling section of the TP1 (Fig. 3.3).  

Fig A. Simulation grid of the sampling section of the TP1 
 

Measuring the temperatures of the heating coils was not possible without influencing the 

values of the temperatures. The temperatures were therefore calculated considering the 

changing of the electrical resistance of the coils upon application of an electric current as 

follows. 

)(
)()(

0

0

TR
TRTRT           (A) 

Where R(T) is the electrical resistance of the heating coil at a given temperature, R(T0) is the 

electrical resistance of the heating coil at room temperature and  is the linear temperature 

coefficient. R(T) is  calculated (R(T) = U/I)  from the measured value of  the voltage (U) for  a 

given applied current (I). When a current is applied, the temperature of the wire and thus R(T) 

also increases. R(T0) is calculated similarly for a small applied current (up to about 10 mA) 

and measured voltage, when no substantial temperature rise in the wire is expected. Heat 

losses were neglected. A temperature increase of about 5 K and 7 K were calculated for the 

Second coil 

Inlet 

First coil 

Outlet 
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first and second heating coils respectively and these values were used as boundary 

conditions in the numerical model. 

Particle deposition in the TP1 was investigated for five monodisperse particle sizes from 

20 nm to 1 µm each with a particle number concentration of 1010 1/m³  at  the  inlet.  Fig  B  

shows results of the numerical modelling of the TP1. An inhomogeneous deposition of 

particles was found at the region of the heating coils caused by the inhomogeneous 

temperature gradient at these regions for every investigated particle size.  

 
Fig B.  a: Temperature profile in the TP1, ambient temperature: 293 K; first coil: 298 K; second coil: 

301 K. 
b: Concentration profile in the TP1 for 1µm particles with an inlet concentration of 10,000 cm³ 

 

a b 
1/m³ K 
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Appendix B 
 

Numerical Modelling of the TP2 Inlet 
Depending on surrounding conditions, particularly the flow conditions at the inlet of the TP2, 

the number of particles that flow into the TP2 may vary for the same ambient aerosol 

concentration. The TP2 samples with a flow rate of 2 ml/min creating a flow velocity of 

5.5 mm/s in the TP2. This small flow velocity may be compromised by much larger cross flow 

velocities and turbulent flows at the inlet of the TP2 preventing many particles from being 

sucked into the TP2. Numerical simulations were performed with FLUENT using the Discrete 

Phase Model (DPM) to investigate how cross flows at the inlet of the TP2 affects the inflow of 

particles into the TP2. The DPM was used because it includes the effect of inertia which is 

important in determining if particles (especially the larger particles) flow into the TP2. A two 

dimensional grid was developed to model the inlet region of the TP2 (Fig C). The grid was 

developed to investigate particle flow into the TP2 at different cross flow velocities. The 2-D 

grid had a total of 89,000 rectangular cells with 300 grid elements along the cross flow inlet 

width and 280 elements along the length. The section of the grid representing the TP2 tunnel 

had a total of 50 grid elements along the inlet and 100 grid elements along the length. For a 

constant TP2 inlet velocity (vf) of 5.5 mm/s, cross flow inlet velocities (vcf) of 0.55 mm/s, 

5.5 mm/s, 55 mm/s, 110 mm/s, 165 mm/s and 275 mm/s were set in the model giving ratios 

(TP2 inlet velocity to cross flow inlet velocity) of 10/1, 1/1, 1/10, 1/20 1/30 and 1/50 

respectively.  
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Fig C. 2-D Grid for numerical simulations of the inlet of the TP2 with 89,000 rectangular grid elements 

 

For the same ambient aerosol concentration (Ccf) and a TP2 inlet aerosol concentration (CTP), 

the number of particles that flow into the TP2 can be calculated analytically from the ratio of 

the volumetric flow rates of the cross flow and the TP2. 

TP

TP
TP

cf

cf
cf Qt

NC
Qt

N
C          (B)  

Where Ncf and NTP are the number of particles that flow into the cross flow inlet and TP2 inlet 

respectively in time t; Qcf and QTP are  the  flow  rates  of  the  cross  flow  and  the  TP2  flow  

respectively with:  

hdvQ cfcfcf            (C)  

and 

hdvQ TPfTP           (D)  

Where vcf and vf are the flow velocities of the cross flow and TP2 inlet respectively, dcf and dTP 

are the lengths of the cross flow inlet and TP2 inlet respectively and h is the width of an 

imaginary third dimension which is equal for both cases. From Equation B, assuming that all 

TP2 Inlet 

dcf = 6 mm 

vf 

Cross flow (vcf) 

dTP = 1 mm 

Cross flow Inlet 

Slip wall boundary 
conditions set in 
model (no shear 
forces present) 
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cross flow inflowing particles follow the streamlines, the number of particles which flow into 

the TP2 can be calculated as follows: 

cfcf

TPf
cfTP dv

dv
NN           (E)  

Numerical modelling was performed for particle sizes of 20 nm, 300 nm, 1000 nm and 

3000 nm. The effect of Brownian diffusion was not included in these simulations and gravity 

was initially not included. Fig D shows an example of particle trajectories tracked from the 

cross flow inlet.  

 
Fig D.  Particle trajectories tracked from the cross flow inlet and coloured by flow velocity. Particle 

trajectories simulated for 20 nm particles and for a cross flow inlet velocity vcf = vf = 5.5e-3 m/s 

vf 

Cross flow 
(vcf) 

 [m/s] 
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A comparison of the number of particles (Nmod) that flow into the TP2 as given by the 

numerical model and the number of particles (NTP) calculated from Equation 6.5, for all 

investigated particle sizes was carried out to investigate the effect of the cross flow on the 

number of particles that are actually sucked into the TP2 and thus the concentration of 

particles flowing into the TP2. Table A. shows the number of particle trajectories into the TP2 

with respect to the number of particles expected to flow into the TP2, for a total number of 

particle tracks from the cross flow inlet Ncf = 10,000. 

 
Table A.: Comparison of the number of particle trajectories into the TP2 given by the numerical model 

(Nmod) compared to the analytically calculated particle tracks (NTP) neglecting shear forces and inertia. Ncf 
= 10,000 Paticles tracked from the cross flow inlet. For all simulations, an inlet TP2 velocity vf is set at 
5.5e-3 m/s 

Ratio of 
vf /vcf 

vcf (m/s) Total number of 
particle trajectories 
(NTP) using equation 

3.15 

Number of particle trajectories into the TP2 (Nmod) 

   20 nm 300 nm 1 µm 3 µm 6 µm 3 µm 

10/1 5.5e-4 10000 10000 10000 10000 10000 10000 10000 

1/1 5.5e-3 1667 1644 1664 1644 1644 1642 1640 

1/10 5.5e-2 167 148 148 148 148 145 142 

1/20 1.1e-1 84 49 49 49 48 44 38 

1/30 1.65e-1 56 12 12 12 11 5 0 

1/50 2.75e-1 33 0 0 0 0 0 00 
 

Ideally, the ratio of Nmod to NTP is equal to 1, which means that the sampled concentration is 

not affected by the cross flow.  The ratio Nmod/NTP is plotted in Fig E with respect to particle 

size, for all modelled TP to cross flow velocity ratios (vf /vcf).  
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Fig E. Ratio of modelled particle trajectories Nmod to analytically calculated particle trajectories NTP with 
respect to particle size and for different flow ratios (vf/vcf), for a total number (Ncf) of 10,000 particle 
trajectories tracked from the cross flow inlet 

 

It can therefore be concluded that the TP2 can effectively (> 90%) sample ambient or 

workplace aerosol concentrations for surrounding (cross flow) velocities up to 10 times the 

sampling inlet velocity of the TP. Higher wind velocities at the inlet of the TP2 shall cause the 

TP2 to sample a concentration which is lower that the ambient aerosol concentration. It must 

however be noted that these simulations are very idealized. In the case of toxicological 

studies where the TP2 samples reproduce particle exposure of a worker, in case of extreme 

cross wind conditions at work places, the same effect can be seen in the particle number 

concentration up through the nostrils of a worker. 
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