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Abstract

Researchers at the National Institute for Occupational Safety and Health (NIOSH) are developing 

methods for characterizing diesel particulate matter in mines. Introduction of novel engine and 

exhaust after treatment technologies in underground mines is changing the nature of diesel 

emissions, and metrics alternative to the traditional mass-based measurements are being 

investigated with respect to their ability to capture changes in the properties of diesel aerosols. The 

emphasis is given to metrics based on measurement of number and surface area concentrations, 

but analysis of collected particles using electron microscopy (EM) is also employed for detailed 

particle characterization. To collect samples for EM analysis at remote workplaces, including 

mining and manufacturing facilities, NIOSH is developing portable particle samplers capable of 

collecting airborne nano-scale particles. This paper describes the design, construction, and testing 

of a prototype thermophoretic precipitator (TP) particle sampler optimized for collection of 

particles in the size range of 1–300 nm. The device comprises heated and cooled metal plates 

separated by a 0.8 mm channel through which aerosol is drawn by a pump. It weighs about 2 kg, 

has a total footprint of 27 × 22 cm, and the collection plate size is approximately 4 × 8 cm. Low 

power consumption and enhanced portability were achieved by using moderate flow rates (50–150 

cm3/min) and temperature gradients (10–50 K/mm with ΔT between 8 K and 40 K). The collection 

efficiency of the prototype, measured with a condensation particle counter using laboratory-

generated polydisperse submicrometer NaCl aerosols, ranged from 14–99%, depending on 

temperature gradient and flow rate. Analysis of transmission electron microscopy images of 

samples collected with the TP confirmed that the size distributions of collected particles 

determined using EM are in good agreement with those determined using a Fast Mobility Particle 

Sizer.
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INTRODUCTION

The National Institute for Occupational Safety and Health (NIOSH) is conducting research 

on the characterization and mitigation of hazardous airborne pollutants in underground 

mines, including nano-scale diesel aerosols. Directing the research focus toward the 

characterization of nano-aerosols in workplace environments is motivated by the realization 

that bioavailability and potential toxicity of nano and ultrafine materials is higher than that 

of fine materials (Oberdoerster 2001; Cardello et al. 2002; Ibald-Mulli et al. 2002; Kandlikar 

et al. 2007).Much of the health-motivated research is focused on measuring the number, 

size, and surface area of airborne particles in the workplace, in addition to their mass 

concentration, which is more commonly measured. Additionally, there is a need for more 

detailed characterization of the morphology and chemical composition of airborne 

nanoparticles (Oberdoerster et al. 2005; Balbus et al. 2007).

To characterize workplace aerosols, spot samples are often collected for subsequent detailed 

analysis by techniques including transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), and energy dispersive spectroscopy (EDS). In order to 

individually characterize airborne particles using electron microscopy (EM) methods, the 

particles must be collected on special substrates for insertion into the electron microscope. 

Methods of collecting particles onto substrates for microscopy include those employing 

inertial impaction, gravitational settling, vapor deposition, and electrostatic precipitation 

(Miller et al. 2008). An alternative to these methods is a method based on thermophoretic 

deposition.

Particle samplers based on thermophoretic deposition were used extensively in the past for 

collecting respirable particles in mines (Watson 1937; Orr and Martin 1958) before being 

replaced by the more popular aerodynamic methods. They offer the advantage of providing 

low particle velocities (Thomassen et al. 2006), especially useful for gentle collection of 

complex agglomerated particles onto the sample substrate, and have the added advantage 

that even the smallest of nanoparticles are effectively collected. The latter is driving 

renewed interest in thermophoretic methods, for use in the collection and analysis of 

nanoparticles.

Thermophoretic deposition of particles occurs when there is a temperature difference across 

the aerosol flow field (Figure 1). As particles with linear velocity Vx encounter the 

temperature gradient, the increased kinetic energy of gas molecules striking the particles 

from the high-temperature region causes the particles to drift toward the cooler region at a 

velocity Vth (Equation (1)) determined by the thermophoretic force (Hinds 1999).

It has been shown that the magnitude of Vth is size- and mass-independent for particles in 

the free molecular regime where Knudsen number (Kn) is much greater than unity (Brock 

1962) and nearly so for particles in the transition regime (Kn ≈ 1) (Lorenzo et al. 2007). 

Note that for a 100-nm particle in ambient air, Kn = 1.32, suggesting that thermophoretics 

can be used for collecting nanoparticles without size bias. The thermophoretic force and the 

resulting thermophoretic velocity of particles have been quantified by various authors, most 
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notably by Epstein (1929), Brock (1962), and Talbot et al. (1980). The equation most 

commonly used to describe this velocity (Talbot et al. 1980) is:

[1]

where

[2]

In Equation (1), the negative convention is used to show that the velocity is in the direction 

of decreasing temperature. Kth is the thermophoretic coefficient, νg is the kinematic 

viscosity of the gas, ∇T is the temperature gradient, and Tp is the temperature of the particle 

(assumed to be the ambient sampling temperature if no preheating is done to the air that is 

sampled). In Equation (2), Cs is the thermal slip coefficient, Ct is the temperature jump 

coefficient, Cc is the Cunningham slip correction factor, Cm is the momentum exchange 

coefficient, and k* = kg/kp, where kg and kp are thermal conductivities of the gas and the 

particles, respectively. Based on earlier empirical work, the chosen values for Cs, Ct, and Cm 

used in this study were 1.17, 2.18, and 1.146, respectively (Talbot et al. 1980).

The Cunningham slip coefficient (Cc) makes a correction for particles outside the continuum 

regime, i.e., with Kn ≈ 1 or Kn >>1, where the drag force is less than that predicted by 

Stokes’ law. The formula of coefficient for particles in air (Davies 1945) is:

[3]

Previous thermophoretic precipitators (TPs) have been successfully used for collection of 

particles with diameters between 15 nm and 300 nm without shape or composition bias 

(Lorenzo et al. 2007). This lack of bias is important for collection of representative samples 

of nano-aerosols for EM analysis as it facilitates the generation of an accurate particle size 

distribution from a relatively small number of imaged particles.

The use of TP particle samplers is not new. One of the first TP samplers was constructed by 

Green and Watson (Watson 1937). Their device used a wire-to-plate design and had 2 glass 

slips spaced 0.5 mm apart with a heated wire between them. In such a TP, the wire heats 

easily but has the disadvantage of creating an asymmetrical temperature field if the plate 

below the wire is relatively wide. The temperature gradient will be strong near the smallest 

perpendicular distance from the wire but will decrease significantly with radial distance 

from it. Most recently developed TPs have therefore used a plate-to-plate design (Tsai and 

Lu 1995; Messerer et al. 2003; Lorenzo et al. 2007). Published results based on these 

designs suggest that channel height must not be too low, that high flow rates or anomalies in 

flow path can cause non-uniform deposition, and that moderate temperature gradients are 

appropriate. Such details were further considered in this study, during the selection of design 

parameters.
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A plate-to-plate TP entails a flow channel comprised of 2 similarly sized plates spaced apart 

at a fixed height, each at a constant (but different) temperature, resulting in a uniform 

temperature gradient at every location between the plates. This is preferable because a 

symmetric and stable temperature field allows for uniform particle deposition onto sampling 

media such as TEM grids and other substrates.

With the goal of designing a robust, field-portable, plate-to-plate TP sampler for use in 

collecting nanoparticle samples for subsequent EM and microanalyses, a prototype TP 

sampler was designed, built, and tested. Design criteria for the prototype included minimal 

power consumption, high collection efficiency (greater than 95%) onto metallic plate media, 

accommodation for both TEM and SEM sampling, and reasonable (minimized) collection 

times. This paper describes the process of designing, building, and testing the prototype TP 

sampler.

SELECTION OF DESIGN PARAMETERS

Portability was the primary driver in developing preliminary designs for the prototype TP 

and led to design choices that minimized power consumption, since battery size and weight 

would eventually be a key factor in determining portability. These choices included using 

ambient air for cooling and a relatively small temperature differential provided by a 

resistance heater. Another preliminary design choice was the use of a metallic plate as the 

sample collection medium, with no dimension larger than approximately 75 mm, so that it 

could fit into most SEM sample chambers. A means of inserting and removing the sample 

media was needed that was simple for the user while maintaining a sealed flow channel. The 

media also needed to incorporate the option for TEM sampling by allowing the mounting of 

TEM grids onto the sample plate. Finally, the sampler was required to draw at least 50 

cm3/min of aerosol during operation to minimize potential diffusion losses of the smaller 

nanoparticles in the inlet due to long residence times. The prototype TP sampler design was 

preceded by designing and testing a laboratory testbed, used to evaluate design parameters 

including temperature gradient, channel geometry (height, width, and length), and aerosol 

flow rate. The ranges for these parameters were selected based on previously published data 

and engineering design considerations as detailed in the following paragraphs.

The first parameter that was addressed was channel height, or gap between the plates. 

Channel height affects the flow and particle residence time, the magnitude of the 

temperature gradient, and thereby the distance required for particles to travel before being 

deposited on the collection medium. Of the papers reviewed, previously developed plate-to-

plate TPs have incorporated channel heights between 0.15 mm (Maynard 1995) and 1.45 

mm (Messerer et al. 2003). Smaller heights reduce the number of particles entering the 

collection region for a given velocity, and can present fabrication challenges in maintaining 

uniform planar surfaces to achieve a uniform flow field and temperature gradient. A small 

channel height also magnifies the effects of any potential flow anomalies caused by surface 

roughness, topography, or small defects due to fabrication and assembly of parts, most 

notably at the leading edge of the channel. Based on these considerations and data from the 

literature, a preliminary channel height of 0.8 mm was selected.
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The flow channel width was next addressed, accounting for the desired flow rate and the 

minimization of possible edge effects along the side walls. The channel cross section and 

flow rate affect the Reynolds number, which needs to be sufficiently low so that laminar 

flow is maintained to prevent turbulent mixing and vertical re-entrainment of particles. A 

small channel width could amplify edge effects such as eddies that disturb the laminarity of 

the flow, while a large channel width has the downside that it increases the required area of 

the heated plate and thus increases power consumption. Reviewed publications list channel 

widths as large as 80 mm (Maynard 1995) and as small as 3 mm, i.e., the width of a standard 

TEM grid (Wen and Wexler 2007). In an effort to reduce edge effects on particle collection 

and limit power consumption yet maintain reasonable flow rates, a channel width of 20 mm 

was selected for the preliminary design.

The next parameter considered was the temperature difference (ΔT) between the plates. With 

the channel height (h) set, the temperature gradient (∇T) is directly proportional to ΔT (∇T 

= ΔT/h). The goal was to minimize the temperature difference in order to reduce power 

consumption. Previous publications have reported successful TPs with a temperature 

gradient of up to 1000 K/mm(Maynard 1995) and as low as 13 K/mm (Messerer et al. 

2003).A low temperature gradient may require a lower flow rate resulting in increased 

sampling time to achieve adequate particle deposition density for EM; however, some 

published data suggest that lower temperature gradients can be successful (Tsai and Lu 

1995; Messerer et al. 2003), allowing for reduced power consumption.

While the temperature gradients vary significantly among the previously designed TPs, the 

temperature difference between the hot and cold plate is usually below 150°C (Maynard 

1995; Gonzalez et al. 2005; Lorenzo et al. 2007). Reducing the upper temperature limit 

reduces the potential for thermally induced flow anomalies as well as possible alteration of 

particles due to their potential temperature sensitivity (Maynard 1995). Conversely, 

lowering the temperature of the cold plate may increase the possibility of condensation, 

which, with the possible exception of some bioaerosols, can adversely affect the sample. 

The above considerations led to a preliminary design that targeted a temperature gradient of 

37.5 K/mm with an absolute temperature difference of approximately 30 K and a cold plate 

temperature near ambient temperature (approximately 22°C). It is clear that collection 

efficiency is affected by all of these parameters, and thus before proceeding, a theoretical 

analysis was performed to predict the effects on efficiency of the various parameters under a 

variety of operating conditions.

Using the selected channel geometry and temperature difference as a starting point, 

calculations were done using Equations (1–4) to evaluate the choices that were made and 

further investigate suitable operating ranges for flow rate and deposition length (Figure 2). 

Equation (1) was used to calculate how deposition length is affected by varying the flow rate 

and channel height, assuming the selected channel width of 20 mm, ΔT of 30 K, and a 

particle diameter of 300 nm. The deposition length was calculated with the worst case 

scenario in mind – that is, the distance required for a relatively large (300 nm) particle 

entering the collection region near the hot plate to travel downward to the cold plate. The 

deposition length was calculated using the ratio of the flow velocity and the thermophoretic 

velocity (Equation (4)).
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[4]

All particles smaller than 300 nm are expected to have a similar thermophoretic velocity and 

will therefore precipitate in a similar deposition length. This assumes that all particles less 

than 300 nm in diameter are affected by a similar thermophoretic force as suggested in 

previous studies (Lorenzo et al. 2007). Calculations using Equations (1–4) indicated that the 

thermophoretic velocity of the particles in the range of concern (1–300 nm), is expected to 

vary by only about 10%, which suggests that deposition will be relatively homogeneous for 

particles in that range and collected nanoparticle samples will therefore be representative of 

the target aerosol. Figure 2 provides a resource for determining the deposition length and 

flow rate parameters, as discussed in further detail below.

Calculations show that the deposition length increases as channel height or flow rate 

increases. Increasing the channel height decreases the strength of the thermal gradient, and 

increasing the flow rate increases the velocity of particles in the flow direction, both of 

which flatten the trajectory of the particles. Based on this preliminary assessment, a flow 

rate around 50–100 cm3/min is desirable for the parameters selected. When a channel height 

of 0.8 mm is used along with a flow rate of 50–100 cm3/min, the deposition length is 

expected to be about 30–60 mm, which satisfies the required 75-mm collection plate size for 

compatibility with SEM analysis.

LABORATORY TESTBED

After selecting the channel dimensions, a testbed was designed and built to gather 

preliminary data on the accuracy of the predictions. The parameters chosen for the testbed 

included a lower absolute temperature and channel height than the TPs cited in the literature, 

resulting in a lower temperature gradient. Nevertheless, high efficiency and uniform 

collection were still expected from this device since the calculated deposition length was 

shown to be less than the selected collection plate length. A series of experiments were 

conducted with the testbed to verify the efficiency of the sampling device given a range of 

flow rates and temperature differences. Additionally, a sample was collected for SEM 

analysis to determine if the particle deposition was uniform over the entire deposition 

length.

The testbed consisted of thin metallic hot and cold plates separated by insulating shims to 

create the flow channel. An electric resistive heater was adhered to the non-flow side of the 

hot plate and covered by an insulating block to increase the temperature of the hot plate and 

provide structure to the thin hot plate. An aluminum block with a water flow cavity was 

attached to the cold plate to provide structure as well as allow for temperature control via 

throughput of cool water. The insulating and aluminum blocks provided a surface on which 

to attach manifolds for the inlet and outlet flow from the sampling channel. The manifolds 

accepted a tube with aerosol flow and smoothly transitioned to a cross section more similar 

to the channel geometry to reduce turbulence. The sampling channel was designed with a 
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length of 150 mm such that 100% particle collection would be achieved for most cases and 

the deposition length could be revealed by SEM analysis.

Testbed Setup and Testing

An experimental setup was used to measure the efficiency of the testbed (Figure 3). A 

relatively high concentration (106 particles/cm3) of NaCl aerosol was generated using a 4 

mg/L NaCl solution in an atomizer, followed by a silica drier. That process generated a 

polydisperse aerosol of lognormal particle size distribution with a geometric mean mobility 

diameter near 100 nm, appropriate for evaluating the performance of the TP sampler for 

particles in the range below 300 nm. A 3-way valve upstream of the testbed precipitator was 

used to direct the flow as desired, through either the testbed or a bypass (Touloukian et al. 

1971; Messerer et al. 2003). A Fast Mobility Particle Sizer (TSI FMPS 3091) was used to 

measure concentrations and size distributions of the dried aerosols in the range of 5.6–560 

nm downstream of the precipitator testbed, and the measurements were used to determine 

collection efficiency of the TP.

Efficiency tests were performed by setting the precipitator at the desired flow rate and 

temperature difference with flow directed through the bypass channel and then switching the 

flow to pass through the TP testbed. After a collection period of approximately 5 min, when 

the number concentration had remained stable at its lowest value, the flow was again 

switched to the bypass channel. These trials were repeated at multiple flow rates, each with 

4 temperature differences including a “null” test, where the precipitator was run with both 

plates at 22°C (ΔT = 0 K) to estimate the diffusion losses in the inlet, TP, and outlet tubing. 

Particle concentrations used to determine efficiency were calculated as the average of data 

collected for at least 1 min under the conditions of interest. For all tests, plate temperature 

was measured with thermocouples attached at the centers of the heating and cooling plates, 

placed on the non-flow side to eliminate flow disturbance.

Testbed Test Results

For each of the trials performed on the testbed, the total (gross) efficiency, ηT, was 

calculated as:

[5]

where C is the particle concentration as measured by the FMPS when flow is through the 

bypass channel and CTP is the concentration measured when flow is through the TP. The 

thermophoretic efficiency for each trial is calculated as:

[6]

where ηL is defined as the efficiency found during the null test when ΔT = 0 K (Tsai and Lu 

1995).
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Results show that the efficiency tends to increase as flow rate decreases or ΔT increases 

(Figure 4) and that the efficiency drops asymptotically when the flow rate increases or when 

the temperature gradient is decreased.

While Equations (1)–(3) predict a slight decrease in Vth for larger particles, the difference is 

less than 10% in the size range 1–300 nm. Since the residence time in the channel is 

relatively long, this small difference leads to a measurable size-dependent collection 

efficiency between the inlet and exit when ΔT is small. To elucidate this, the FMPS data 

were used to calculate size-dependent collection efficiency for 2 tests (Figure 5). Results 

show that for the higher ΔT (27K), the size-dependent difference in Vth does not lead to 

reduced collection efficiency, since the Vth is high relative to the residence time. However, 

at ΔT of 17 K, the size-dependent reduction in Vth does lead to size-dependent collection 

efficiency. Equations (1)–(3) predict that this effect would be stronger for larger particles, 

since Vth increases significantly.

A sample was collected for EM analysis using the optimum flow rate and temperature 

gradient. Choice of these parameters took into account the desired operating specifications 

of high efficiency, high flow rate to ensure reasonable sampling times, and low temperature 

difference to minimize power consumption. The parameters chosen for the sample to be 

analyzed by EM were a flow rate of 75 cm3/min and a temperature difference of 27 K (34 K/

mm), which resulted in a thermophoretic efficiency greater than 95%. SEM images were 

obtained from a sample collected using the chosen parameters (13 min, ΔT = 27 K, Q = 75 

cm3/min) and were used for a qualitative analysis of the particle deposition on the sampling 

medium. Images from several points along the flow path at the center and edges of the 

collection plate revealed negligible edge effects, good particle distribution with no visible 

swirling or flow disturbances, and most of the particle collection occurring in the first 50–75 

mm of the collection region.

DESIGN AND TESTING OF THE PROTOTYPE TP

Results from the testbed were used to design and build the first-generation TP prototype. 

Based on testbed results, several design changes were implemented to reduce power 

consumption, increase collection efficiency, and facilitate further testing.

The first design change was shortening the length of the sample plate from 152 mm to 76 

mm, since from the testbed SEM analysis, it was clear that for most cases the particles were 

deposited in the first half of the plate as predicted by the parametric study. Next, to allow for 

forced air convection cooling, the bottom block was designed of aluminum with 25 holes 

drilled through it for air passage, to maintain the sample plate near ambient temperature. 

Finally, adapting the flow from a small-diameter tube to the much different channel 

geometry was done using a plenum just upstream of the sampling channel that was large 

relative to the flow cross section. This decreased the velocity of the flow from the inlet 

delivery tube by a factor of approximately 15 before reaching the channel inlet, to eliminate 

inlet turbulence and to distribute the flow across the width of the channel to avoid increased 

deposition along the centerline as evidenced in previous work (Thayer et al. 2011).
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Prototype TP – Parameters and Description

Based on the results of the parametric study and testbed evaluation, a prototype was 

designed and constructed. The device weighs about 2 kg (excluding the cooling pump) and 

has a footprint of 27 × 22 cm including the power supply, sampling pump, and thermocouple 

reader. The inlet, outlet, and top block (central housing) have a footprint of 9 × 12 cm 

(Figure 6) and are made from chlorinated polyvinyl chloride (CPVC) because of its 

insulating properties and relatively high melting temperature, while aluminum (6061) is 

used for the bottom block to improve thermal conductivity. The hot plate and sample plate 

are approximately 4 × 8 cm in size and made of copper sheet metal because of its high 

thermal conductivity. The flow-side of both copper plates is mirror finished to eliminate 

flow disturbances, reduce the emissivity, and increase SEM image quality (since the cold 

plate is inserted directly into the SEM for sample analysis).

The sampling plate is attached to a circular sample holder that can be easily inserted and 

removed from the central housing (Figure 6), with airtight seal of the sample holder 

provided by an O-ring. A 0.13-mm-deep, 3.18-mm-diameter recess in the plate, able to 

accommodate a standard TEM grid, is located 10 mm downstream of the leading edge of the 

plate. Constant channel height is maintained by use of ball detents in the top block that apply 

downward pressure on the edge of the sampling plate.

Thermocouples are used to monitor the hot plate and cold plate temperatures. The hot plate 

thermocouple is inserted between the non-flow side of the hot plate and the resistive heater. 

The cold plate thermocouple is recessed in a small-diameter hole drilled into the bottom 

block approximately 1 mm below the flow channel. The temperature of the hot plate is 

adjusted by changing the voltage to the heater, which is attached to the back of the hot plate 

with thermal contact paste. The temperature of the cold plate is maintained near room 

temperature (22° ± 2°C for tests described here) by drawing air through the holes in the 

aluminum block using a small pump.

Prototype TP Testing

An experimental setup similar to the one used to evaluate the testbed (Figure 3) was used to 

evaluate the prototype. The test setup was improved by including an optional bypass flow 

upstream of the precipitator that filters the sampling air before it reaches the precipitator. 

This allows for constant airflow through the precipitator, which is either clean or contains 

particles, depending on the upstream path of the flow. For the efficiency tests, the FMPS 

was replaced with a condensation particle counter (CPC, TSI Model 3007) because only the 

total number of particles was needed (not a size distribution).

Samples intended for image analysis were obtained by establishing a steady state 

temperature difference between the plates while running filtered air through the sampling 

channel and then switching the flow to particle-laden aerosol for a duration based on the 

desired particle deposition density. After the test duration, the flow was switched back to 

filtered air and the power to the resistive heater was turned off to allow the precipitator to 

cool before the sample plate was removed for EM analysis.
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Prototype TP Test Results

The prototype TP was tested to determine collection efficiency, verify optimal sampling 

parameters based on the new channel dimensions, and study the quality of collected 

samples. Collection efficiency was measured using similar NaCl aerosol as with the testbed, 

and similar efficiency values were achieved e.g., 96% efficiency with ΔT = 19.5 K and Q = 

50 cm3/min. To avoid redundancy, those data are not presented here. The operation of the 

prototype was further validated using the same polydisperse NaCl aerosol used for the 

testbed (geometric mean diameter of approximately 100 nm) and measuring particle 

concentration at the exit versus the temperature difference of the plates over the course of a 

test and cool down cycle (Figure 7). Those data demonstrate that thermophoretic 

precipitation is the key deposition mechanism, showing an inverse correlation between the 

temperature difference and the number of particles measured by the CPC at the outlet of the 

TP. They also show that the particle concentration lags the temperature difference by a 

noticeable duration (approximately 90 s) – a result of the thermal inertia and residence time 

of particles within the system.

In addition to verifying collection efficiency, tests were conducted to evaluate whether the 

samples obtained by the prototype were representative of the aerosol being sampled. The 

aerosol concentration and size distribution used were similar to that expected for field 

applications, i.e., sampling of diesel exhaust particles. A series of samples were collected 

from an aerosol with concentration of 106 particles/cm3 using different sampling parameters 

to assess which parameters led to optimal particle deposition density, as needed for the 

eventual EM and image analysis of diesel particles. Analysis of the samples revealed that 

excellent deposition and particle density could be obtained with a flow rate of 120 cm3/min, 

a ΔT of 21.3 K (temperature gradient of 26.6 K/mm), and a sampling duration of 3 min. A 

sample was collected at these conditions and images were acquired from both the sampling 

plate (SEM) and the TEM grid (TEM) (Figure 8). From the SEM images, a qualitative 

assessment was done to determine deposition uniformity. The deposition was found to be 

uniform across the entire plate with minor, localized edge effects.

Image analysis was performed on TEM images taken from a TEM grid located 10 mm from 

the leading edge of the sample plate to investigate whether the collected samples were 

representative of the sample aerosol. A total of 42 images containing a total of 569 particles 

were taken at evenly spaced locations in a rectangular matrix pattern across the center 

portion of the TEM grid. ImageJ, an image-processing program developed by the National 

Institutes of Health (NIH), was used for image analysis. The projected surface area of each 

particle, A, was determined using ImageJ, and from this a projected area equivalent 

diameter, Dpa, was calculated (Equation (7)):

[7]

The projected area diameters of the particles were combined into a particle size distribution 

and compared to FMPS electrical mobility diameters (Dm) obtained by measuring the 

average particle size distribution of the same NaCl aerosol (Figure 9). No data fitting or 
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correction factors were applied to the image analysis data. To account for the difference in 

particle concentration between the 2 data collecting methods, the FMPS data, which 

represent the average particle size distribution for 150 measurements taken during the 

sampling period, were scaled down by a factor equal to the ratio of the peak heights.

The image analysis data and FMPS data correlate well considering the relatively small (but 

adequate) number of particles used for the image analysis. Both curves are lognormal and 

have peaks near 100 nm. The FMPS curve is smoother because it is comprised of data from 

about 180 million particles over a 2.5 min time period, whereas the image analysis data are 

from only 569 total particles. These data demonstrate that the sample is quite representative 

of the original aerosol.

CONCLUSION

Using data from published literature and theoretical calculations, a prototype plate-to-plate 

TP nanoparticle sampler was designed, constructed, and evaluated. Using the parameters ΔT 

= 19.5 K and Q = 50 cm3/min, particle deposition adequate for EM analysis, and gross 

collection efficiency of 96% were measured for sampling of laboratory-generated NaCl 

aerosols during relatively short (3-min) tests. Unique features of the prototype TP sampler 

included air cooling of the cold plate and an easily removable substrate that can 

accommodate both SEM and TEM sampling. SEM images of samples showed uniform 

deposition with minimal edge effects and flow disturbances. A particle distribution 

histogram created using image analysis of TEM micrographs showed strong agreement with 

the size distribution measured using an FMPS.

Based on these results, NIOSH researchers are pursuing the development of a portable TP to 

collect nano-scale diesel emissions from equipment in mines to further understand the 

changes in the properties of diesel aerosols with the introduction of novel engine and 

exhaust aftertreatment technologies. The device will be field tested and further modified 

toward the eventual goal of producing a commercially viable portable TP nanoparticle 

sampler.
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FIG. 1. 
Schematic of a plate-to-plate thermophoretic precipitator channel with channel height h and 

deposition length l. Note that Vx is the linear velocity of the aerosol, while Vth is the 

(vertical) thermophoretic velocity of the particles
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FIG. 2. 
The resulting deposition length for different channel heights and flow rates with a channel 

width of 20 mm, ΔT of 30 K, and a particle diameter of 300 nm, using Equations (1–4).
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FIG. 3. 
Experimental setup for testing the thermophoretic precipitator (TP) testbed, using a Fast 

Mobility Particle Sizer (FMPS).
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FIG. 4. 
Thermophoretic collection efficiency as a function of flow rate in testbed for 3 values of ΔT 

(note that flow rates of 0–1000 cm3/min correspond to velocities of 0–52 cm/s).
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FIG. 5. 
Gross collection efficiency calculated for each channel of FMPS data for 2 tests; where ΔT 

was 17 K and 27 K (note that efficiency data below 45 nm were omitted since extremely low 

particle numbers in that region led to undependable efficiency calculations).
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FIG. 6. 
Central housing portion of the TP prototype.
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FIG. 7. 
Particle concentration (measured at the TP exit) and ΔT for the duration of a test and cool 

down period, for a maximum ΔT of ~8 K and flow rate of 60 cm3/min.
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FIG. 8. 
Sample EM images: (A) SEM image of NaCl particles 5 mm from the leading edge; (B) 

TEM image taken from a TEM grid located 10 mm from the leading edge.
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FIG. 9. 
Particle size distributions from image analysis and FMPS data.
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