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ABSTRACT OF THE THESIS 

 

Diesel Particulate Matter Sensor:  

Insights Into the Effect of Corona Discharge on Signal Amplification 

 

by 
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Master of Science, Graduate Program in Mechanical Engineering 
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Dr. Heejung Jung, Chairperson 

 

 

The Environmental Protection Agency and European Commission are requiring in-situ on-

board diagnostic systems to increase accuracy in monitoring nitrous oxides and particulate 

matter vehicle emissions. Particulate Matter (PM) sensors are a derivative of this regulat ion 

and have been implemented to assess diesel particulate filter failure, as well as solid particle 

number. The design of PM sensors is varied by company (e.g., Honeywell, Bosch, 

Emisense, and Delphi) in addition to the applied method. The method of investigation in 

this study is electrical charging and the capacity for corona discharge generation.   

Boltzmann’s Law for charged particles is generally used to predict electrical charging (i.e., 

particle charging). However, the PM sensor design and method in this study generates a 

signal that is amplified higher than can be theoretically explained by this law. Signal 

amplification can only be attributed to ionization due to the presence of corona discharge, 
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besides particle charging in an electric field. A fundamental study probing into the effects 

of corona discharge on PM sensor signal amplification is necessary to understand the 

underlying operational principles of the sensor. This study will provide qualitative insights  

into the electrical properties of PM and the conditions in which electrical properties are 

influenced by varying physical conditions. The investigation is performed by correlating 

sensor response to varying physical conditions of PM. The results show that the sensor 

response is linearly dependent on particle concentration and that signal strength is limited  

on the sample flow rate. Understanding the operational principles of this design could lead 

to the development of a relatively inexpensive PM sensor with unprecedented high signal 

sensitivity. 
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1.0 Introduction 

In a continued effort to mitigate the harmful effects of vehicle emissions, government 

regulations by regulatory agencies such as the California Air Resources Board (CARB) 

and the European Union (EU) have become increasingly strict. As shown in Table 1.1, 

CARB has issued regulations requiring a 50% mass reduction in threshold limits of 

particulate matter with sizes less than 2.5μm (PM2.5) by 2016 for On-Board Diagnost ic 

(OBD) II Systems [1].   

 

Table 1.1: OBD II Requirements for 2010 and subsequent model years [1]. 

Model Year 
PM Threshold  

(g/bhp-hr) 

Nominal Standard  

(g/bhp-hr) 

2010 - 2012 0.07 0.01 

2013 - 2015 0.05 0.01 

2016+ 0.03 0.01 

 
 

The EU European Commission (EU EC) has required a substantial reduction in PM2.5 mass 

as well and has also initiated regulations on particulate matter (PM) number, according to 

the new Euro 6 standards in EC Regulation Number 715/2007 of the Official Jornal of the 

European Union [2]. Table 1.2, below, shows the amended numbers of mass based 

reductions for EC Regulation Number 715/2007 [3]. The amendments were adopted by the 

EU European Commission in July of 2008 and is documented as EC Regulation Number 

692/2008 [4]. The amendments govern the OBD PM Threshold, which are in effect 
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beginning September 2015 and 2016 [5]. To adhere to these new regulations, major 

automotive original equipment manufacturers (Automotive OEMs) will require PM 

sensors that are capable of providing in-situ monitoring of vehicle emissions with increased 

sensitivity to changes in PM concentrations.  

   

Table 1.2: EU EC OBD PM Threshold Regulations according to Euro 6 standards 

[3]. 

 
Reference  

Mass 

Mass of PM  

Threshold  

 (mg/km) 

Number of  

Particles 

 (#/km) 

Category Class 
RW 

(kg) 

Positive 
Ignition 

(PI) 
Engine* 

Compression  
Ignition  

(CI) Engine 

Positive 
Ignition 

(PI) 
Engine* 

Compression  
Ignition 

 (CI) Engine 

M I & II 
RW ≤ 

1760 
9 9 - 1.2x 1012 

M III 
RW > 
1760 

9 9 - 1.2x 1012 

N1 I & II 
RW ≤ 

1760 
9 9 - 1.2x 1012 

N1 III 
RW > 
1760 

9 9 - 1.2x 1012 

N2 I & II 
RW ≤ 
1760 

9 9 - 1.2x 1012 

N2 III 
RW > 

1760 
9 9 - 1.2x 1012 

*Applicable only to Direct Injection (DI) Engines. 

 

The particle concentration is detected at the inlet and outlet of the diesel particulate filter 

(DPF), a component within a typical diesel exhaust after-treatment system, by paired PM 

sensors. The signal of the PM sensors is monitored by a controller area network vehicle 

bus (CAN Bus) system, which is calibrated to appropriate operational threshold limits. 
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When the differential in particle concentration between the paired sensors exceeds the 

limit, the CAN bus sends a signal to the OBD II system, which is standard on all vehicle 

models since 1996 [6, 7]. The OBD II system activates the “Check Engine Light” and saves 

a specific diagnostic trouble code. This allows vehicle technicians and drivers to diagnose 

and repair the malfunction of the DPF failure or completely replace the DPF.   

 

1.1 PM Sensor Types 

Measurement of PM emissions is based on different metrics depending on adherence to 

regulations in the US versus in the EU. In the US, CARB maintains the most stringent 

regulations which follows a mass based metric system shown previously in Table 1.1. 

However, as regulations become increasingly strict, this metric system may not be 

sustainable in the future. The EU EC has taken the mass based approach and has also 

included a number based metric with the implementation of the new Euro 6 standards 

established in Table 1.2. Although both metric systems are based on different physical 

properties, the need for in-situ real-time response PM sensors to address these standards is 

apparent.  

Many Automotive OEMs, automotive suppliers, and academic institutions have begun to 

address the CARB and Euro 6 standards by investigating different PM sensor types that 

can accurately detect particle mass and number concentration. The development of these 

sensors, with a highly responsive signal to particle mass and number concentration, leads 

to the possibility of increased control over emissions in real-time and improved regulat ion 
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on a per vehicle basis. Research into PM sensor methodologies will be presented and can 

be categorized into the following sensor types: electrochemical cell sensors, inter-digitated 

electrode sensors, and electrical sensors.   

Ritsumeikan University, in association with Toyota Motor Corporation, developed an OBD 

PM Sensor based on electrochemical cell technology that utilizes the oxidative effects of 

PM. The sensor consists of a semi-permeable electrochemical cell that allows diesel 

exhaust gas to pass through from the anode side to the cathode side. As the exhaust gas 

passes through the cell, solid PM deposits on the anode side and is oxidized at high 

temperatures (i.e., temp. > 300°C), affecting the oxygen partial pressure differentia l 

between the cathode and anode [8].  

While the detection limit of the sensor satisfies the restrictions of the OBD II system for 

both CARB and the EU EC Euro 6, the accuracy of the system is limited by the relationship 

between the flow rate and pressure differential across the cell, the operating temperature, 

and the influence of the exhaust gas. The sensor consists of silver electrodes, yttria-

stabilized zirconia electrolyte, and a thermocouple to supply the heat [8]. The partial 

pressure differential of oxygen is determined by the Nernst equation, which evaluates the 

voltage obtained from the electrodes as a function of the partial pressure differential [8]. 

Yoshihara et al. have shown that the voltage signal closely aligns with the PM mass 

concentration of the diesel exhaust, however discrepancies occur due to the temperature 

dependence of the electrode material. Also, oxygen from the exhaust gas can affect 

measurements by overestimating the PM concentration because of nitrous oxide chemical 

reactions that cause increased oxidation reactions. In addition to the influence of the 
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exhaust gas, the pressure and flow rate of the exhaust gas are capable of reducing the 

voltage signal and thus, the sensitivity of the sensor to a detection level of 2 𝑚𝑔

𝑚3 [8].  

An inter-digitated electrode sensor is another PM sensor type, which is also known as a 

resistive, capacitive, or conductometric device. The sensor design is based on the 

conductivity of particulate matter between two inter-digitated electrodes. The sensor 

operates by measuring the increase in current due to the formation of conductive paths 

between the electrode substrates as a voltage is applied to the electrodes [9-11]. The 

increase in current coincides with an increase in electrical resistance or capacitance 

between the inter-digitated electrodes, which increases as soot accumulates between the 

electrodes [9-14]. After a certain threshold time period, also known as the blind period, the 

capacitance or resistance can be measured and continues to increase until the sensor reaches 

saturation. The soot is then burned off by a heating element to regenerate the sensor at 

precise intervals and at a controlled temperature that is greater than the exhaust gas 

temperature, generally above 600°C [11-16]. The limitation of the inter-digitated sensor 

results from the electrical resistance which is inconsistent between measurements. Also, 

the effects of multiple regeneration cycles degrade the electrode substrate because of the 

accumulation of ash deposits.  

The design of the sensor has a multi- layer ceramic base with a platinum circuit imprinted 

on the base [9-10]. Zirconia or alumina slabs form the substrate for the ceramic base 

providing insulation to separate the temperature measurement probe from the soot sensing 

electrodes. The sensor measures the current created as soot deposits create bridges that 
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form the conductive path between the electrodes [9-13]. The signal results from the 

combination of the current and the time periods separated by the blind spot, monitor ing 

period, and regeneration process [9-16]. The current from measurement to measurement is 

highly variable since the current is dependent on the amount of soot deposited between the 

electrodes and the junction formed between the electrodes. The sensor is unable to provide 

direct measurements of PM number concentration and the instability of the sensor signal 

informs that the sensitivity of the inter-digitated design is insufficient to meet the Euro 6 

PM concentration levels. However, the sensitivity of the sensor, which is shown at 10 𝑚𝑔

𝑚3 

on a gravimetric basis by Ochs et al., is sufficient to meet the standards set by CARB [9]. 

The Electrical Tailpipe Particle Sensor (ETaPS), developed by the company Dekati Ltd.,  

is a sensor based on the generation of corona discharge. The sensor takes advantage of the 

correlation between soot electrical and physical properties by relating the measured current 

loss between the electrodes to the particle surface area [17]. The electronics of the ETaPS 

sensor converts the current loss to a voltage signal over the sampling period, which shows 

close linearity to the soot concentration as explained by Gautam and Stedman, et al. [17]. 

The first generation of this type of sensor brought complexity to vehicle packaging 

requirements, but the current generation shows promise for further miniaturization. Overall 

this type of sensor has very high sensitivity, but contamination of the charging section can 

cause instability. 

Extensive research has been performed on a PM sensor design by Hall, M. and Matthews, 

R. at the University of Texas, Austin (UT Austin) in a coordinated effort with EmiSense 
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Technologies, LLC (i.e., EmiSense), a commercial PM Sensor company and subsidiary of 

CoorsTek Inc., and Cummins Engine Company [18-21]. The PM sensor is an electronic 

sensor based on the concept that an applied 1kVDC potential difference across two sensor 

electrodes generates an electric field that charges the soot particle flow [19-21]. The soot 

particles will then deposit their charge on the electrode with an opposing polarity [18, 20].  

The development of the PM sensor focused on addressing several areas of concern that 

include velocity dependence, sensor geometry, durability, signal sensitivity, in addition to 

fouling of the sensor electrodes [19, 21]. By understanding that the chemical composition, 

physical, and electrical properties of PM emissions are a function of engine operating 

conditions, Hall and Matthews were able to resolve these concerns in their design.  

The effect of velocity on the sensor response was determined by analyzing the tip-in events 

during in-vehicle testing [20-21]. The flow of PM was shown to be associated to the time 

averaged flow of the exhaust gas and used to empirically establish the PM mass 

concentration in the sensor [21]. Durability and sensitivity of the sensor electrodes were 

increased by using ceramic tubes overlaid with thin metal foil [21]. In analyzing the effects 

of geometric constraints (e.g., electrode length, diameter, and spacing), the signal response 

was optimized. The effect of sensor fouling was significantly reduced with an integrated 

heater, which regenerates or cleans the sensor surface for new measurements. With these 

adjustments to the design, the sensor was able to resolve PM mass concentration to a 

detection level of 10 𝑚𝑔

𝑚3  in less than 20ms which shows the potential for a feedback control 
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system to address PM emissions [19, 21]. The sensor also offers an inexpensive solution 

for CARB and Euro 6 regulations.  

EmiSense Technologies, LLC., has designed a PM sensor, named the PMTrac® Sensor. 

The PMTrac® uses the same methodology as the sensor developed by UT Austin. The 

sensor utilizes the Venturi principle to draw particle flow through the sensor [21]. Between 

the concentric cylinder electrodes within the sensor, particles are subjected to a high 

electric field with a voltage potential of 1kV [19]. The polarity of the voltage potential is 

defined by the high voltage electrode, which facilitates the sensor response of the PMTrac® 

through the motion of combustion generated particles.  The main function of the PMTrac® 

sensor is to detect particle concentration due to an increase in current, which is currently 

attributed to the deposition of particle charges on the sensor electrodes [22, 23]. Charged 

particles collecting on the surface of the sensor electrodes, cause an increase in current that 

is monitored with a data logger system. More detailed information on the design and 

operation of the PMTrac® Sensor is provided in Appendix A. 

There are several limitations for operation of the PMTrac® sensor. One of the limitat ions 

is the lengthy start-up time that the sensor experiences before the sensor is capable of 

accurately detecting particle concentrations, similar to the blind period of the interdigitated 

electrode sensor. The start-up time is explored in this study in section 4.2 because the start-

up time was key to obtaining reasonable measurements as the physical characteristics of 

PM was changed. The charging mechanism requires characterization since ongoing 

investigations could not explain the amplification of the sensor response. Current results 
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have shown that the signal of the sensor is several orders of magnitude greater than can be 

reasonably attributed to the deposition of particle charge by combustion generated particles  

[23]. 

As mentioned, previous work by EmiSense and their strategic partnerships in the 

automotive industry and in academia have shown that the PMTrac® sensor signal is 

amplified several orders of magnitude more than theoretically possible. To account for the 

discrepancy, two theories have been proposed. One theory offered by Klaus Allmendinger, 

a physicists at EmiSense,LLC., is that the signal is amplified as the result of particle bridges 

that have formed by particle filaments, which accumulate on the surface of the sensor 

electrodes [22]. The second theory proposes that the design of the PMTrac® creates an 

environment for corona discharge generation. This report will investigate the operational 

behavior of the PMTrac® sensor response (i.e., signal) and will attempt to relate 

operational behavior to the fundamental principles governing corona discharge 

applications. 

 

2.0 Objectives 

The objectives of this study were divided into two phases to build a body of knowledge 

that addresses the challenges of signal amplification for the PMTrac® sensor. Phase 1 was 

designed to setup experiments that will aid in further understanding of the PMTrac® 

system and confirm previous results. These experiments were used to understand the 

behavior of the PMTrac® sensor response to particle concentration under particular 

conditions. The conditions that the PMTrac® sensor was subjected to is explained in detail 
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in Chapter 3: Experimental Strategies. Phase 2 included the design and fabrication of a 

parallel- flat plate sensor model to take advantage of a more simplistic geometry.  

 

2.1 Phase 1: Basic Evaluation of PMTrac® Sensor and Experiments  

Basic tests were performed to determine the physical behavior of the particle concentration 

in response to specific conditions.  The effects that particles within the PMTrac® sensor 

were subjected to involved changes in the particle dilution ratio to resolve limits to the 

effect of particle concentration on the signal. Changes in the sample flow rate were used to 

address the influence of particle flux and different gas temperatures were used to assess the 

role of thermal variations on particle behavior. The details of these tests are further 

explained in Section 3, Experimental Strategies. Investigation into the previously described 

effects contributed to understanding the physical and thermal mechanisms underlying the 

sensor operation. The observations revealed during this phase provided the basis for the 

tests performed in Phase 2 of this study, which consists of understanding the response of 

the sensor model for comparison. 

 

2.2 Phase 2: PMTrac® Sensor Model Studies 

A model of the basic design of the PMTrac® was fabricated using a parallel flat plate 

geometry to take advantage of a more simplistic geometry. The parallel flat plate design 

was a unique design used to demonstrate the influence of geometry on the operation of the 

sensor. Although the operation principle is the same between the sensor developed by UT 
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Austin and EmiSense, the behavior of both devices diverge significantly. One of the major 

differences is the concentric cylinder design, thus probing into the role that geometry may 

play provides insight into the sensitivity of the PMTrac® sensor. Specific information of 

the design and tests are presented in Section 3.3, Evaluation of the Sensor Model. 

 

3.0 Experimental Strategies 

The experimental strategies presented in the following sections detail the purpose 

and methods for the tests involved in Phases 1 and 2 of the objectives set forth in 

Section 2. The experimental strategies to accomplish Phase 1 objectives included 

sensor baseline and start-up event characterization, along with variable state testing. 

A baseline of the PMTrac® sensors (i.e., PM Sensor in the schematics) with and 

without particles (section 3.1) is used to assess the sensor response to changes during 

the variable time course tests, which is explained in section 3.2. Section 3.3 expla ins 

testing performed on the model, which utilizes the same strategies for Phase 1 by 

replacing the PMTrac® sensor with the sensor model in the experimental schematics.  

 

3.1 Sensor Baseline & Start-Up Events Characterization 

To define the performance characteristics of the sensor, baseline tests were 

conducted and used to determine the operating parameters of all the PMTrac® 

sensors. To determine the background signal of the sensor, a particle- free stream was 

generated by applying a high efficiency particulate air (HEPA) filter according to the 

set-up as shown in Figure 3.1 below. The Condensation Particle Counter (CPC 
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3022A), shown in Figure 3.1, provided a sample flow rate of approximately 1.5lpm 

and measured particle concentration throughout testing. The test was performed 

without a neutralizer, which neutralizes the excess charge on particles to bring the 

particle charge distribution to the well-known Boltzmann Distribution. This method 

was used to obtain the baseline response of the PMTrac® sensor system. 

 
Figure 3.1: Schematics of Particle-Free Stream for PMTrac® Set-up without the 

external neutralizer. 

 

The test was also performed with a particle- laden stream with the externa l 

neutralizer, as shown in Figure 3.2, and without to obtain the change in response of 

the PMTrac® current due to the influence of the neutralizer. The sensor response was 

measured simultaneously with the particle concentration to show the sensitivity of 

the sensor to the concentration of a particle stream. However, since the partic le 

concentration flowing through the HEPA filter is negligible, the measurement is the 

background noise level of the PMTrac® sensor. The results of these measuremen ts 

are provided in section 4.1, which covers baseline characterization of the PMTrac® 

sensor. 

Another important factor in characterizing the sensor was to determine the baseline 

response of the PMTrac® in an aerosol stream. Given that previous testing performed, 
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by EmiSense, displayed an increased current response several orders of magnitude 

greater than expected, having a grasp of this phenomenon was essential to 

understanding the operation of the sensor. This signal was the focus of further testing 

to assess variations in the sensor response while the conditions of the PMTrac® were 

altered. Testing with an aerosol stream consisted of the following set-up, shown in 

Figure 3.2 below. An explanation of the operation of all of the major instrumentat ion 

used in all of the set-ups described in this and subsequent sections is provided in 

Appendix B: Instrumentation. However, information specifically on the operation of 

the PMTrac® sensor is provided in Appendix A: PMTrac® Sensor. 

 

 
Figure 3.2: Schematic of Soot Particle-Laden Stream for PMTrac® Set-up. 
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The response of the sensor to the particle concentration was monitored and showed 

that the start-up time required to obtain a stabilized signal could take anywhere 

between 40-60min. The flow rate was maintain between 1.4 and 1.5lpm and the 

particle concentration, 1.0-3.0 x 106# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 . The AVL Particle Generator (APG) 

was capable of producing calibrated particles of a known chemical composition and 

particle concentration [24]. After the start-up event was performed, the time period 

of testing was drastically shortened and the effects of the start-up event was no longer 

present. Since the waiting time before the PMTrac® signal stabilized (i.e., delayed 

effect) was performed initially, the pace at which the sequence of tests could be 

performed was accelerated. This process is defined as the “warm up” or “star t- up 

event” of the PMTrac® sensor. 

The APG, used to produce PM, was maintained at conditions specific for compara t ive 

analysis of particle number instruments. The conditions shown in Table 3.1 were 

standard conditions for all tests performed. Standard conditions were obtained by 

adjusting specific flow rates for the gases in order to produce a calibrated partic le 

concentration and size distribution, which also was dependent on the outlet(s) in use. 

All baseline information was obtained by utilizing the volatile particle remover 

(VPR) outlet, which provided a sufficient particle concentration (~106 # 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 ) and 

a nominal size distribution range from 10nm to 120nm for all testing conditions. The 

VPR is a flow path within the APG, consisting of a concentric burner (i.e., 

BURNER). The BURNER removes volatile organic compounds that condense onto 

the surface of the solid carbonaceous core of PM, to produce soot. The burner outle t, 
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another flow path that bypasses the BURNER to produce chemically consistent PM,  

is useful for testing monodispersed particle sizing. The dilution bridge stage outle t, 

which is a flow path that dilutes the particle concentration of the VPR with a second 

dilution stage, was never used for testing purposes because the particle concentrat ion 

was insufficient for all size distributions.  

 
 

Table 3.1: Standard Conditions for gas flow ranges for the APG at 350°C [24]. 

Outlet Condition Name of Flow Gas Flow Rate Range 

VPR 

Fuel Propane 16 ml/min 

Mixing Nitrogen 0 ml/min 

Oxidation Air 0.8 l/min 

BURNER Dilution Air 2.0 l/min 

VPR Dilution Air 2.0 l/min 

 

A baseline particle size distribution and concentration was also measured using the 

set-up in figure 3.3, shown below, to determine the specific size distribution and the 

particle concentration of the conditions in Table 3.1.  At each stage in testing, the  

size distribution was measured with a Scanning Mobility Particle Sizing (SMPS) 

system (see Appendix B.3), which utilizes the mechanical and electrical propert ies 

of PM to produce monodispersed particles. The SMPS provides an idea of the 

concentration and polydispersed size distribution flowing through the sensor. Also, 

the size distribution is used as a crude method for performing a quality check of the 
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experimental setup before the test begins. The polydispersed size distribution 

resulted in a mode at about 70nm and concentration in the range of 4.0 − 8.0 ×

106 # 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 . 

 

 

Figure 3.3: Schematic of the Experimental Set-up for Baseline Size Distribution 
Measurements. 

 

 
 
3.2 Variable State Testing 

The PMTrac® response was tested by changing the VPR dilution ratio between the 

PM and air, sample flow rates (i.e., polydispersed flow rates) through the sensor, and 

gas flow temperature. This test was performed to address the influence of partic le 

concentration on the sensor response. The sensor response and particle concentrat ion 

measurements were obtained simultaneously (i.e., at the same time). Baseline 
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polydispersed size distribution measurements were also performed. The sensor was 

tested using the following VPR dilution flow rates from the APG: 0.5, 1.0, 1.5, 2.0, 

2.5, and 3.0lpm. Each run of the test was monitored for at least 20 minutes to ensure 

a stable signal. Testing was performed by varying the VPR dilution flow rate range 

to these values.  

Testing for the response due to changing sample flow rates provides information on 

the design of the PMTrac® sensor and the flow rate at which to obtain the optima l 

signal response for the sensor. The sample flow rate, passing through the sensor, was 

adjusted by a needle valve and pump system, since the CPC 3022 only operates at 

two flow rates (i.e., 0.3 and 1.5lpm). Therefore, the measurement included the 

PMTrac® response only.  

Temperature tests were performed by wrapping a tape heater around the sensor and 

setting the heater to 50°C, 100°C, and 150°C to vary the temperature of the gas flow. 

Both sensor response and particle concentration were measured for each temperature. 

PMB3-081 and PMB3-111 were the primary sensors used in testing.  

 

3.3 Evaluation of the Sensor Model 

The theoretical basis for the sensor model propounds the view that the PMTrac® 

operates as an electrostatic precipitator. Characteristic information for the sensor 

model was obtained by applying the testing methods previously described in sections 

3.1 and 3.2.  



18 
 

Important information such as the start-up time, response time to both particle- laden 

and particle- free streams was monitored to assess the baseline behavior of the model 

sensor. The model sensor was also subjected to changing sample flow rates to assess 

the optimal operating conditions. Also, testing of the sensor model was used to 

evaluate the influence of geometry for the design of the PMTrac® sensor.  The 

experimental setup for the model sensor is similar to the setup for the PMTrac® 

sensor, with the exception that the PMTrac® in Figures 3.1 through 3.3 is replaced 

with the model sensor. The model sensor, shown in Figure 3.4 below, utilizes a 

parallel flat-plate geometry.  

 
 

Figure 3.4: SolidWorks rendering of the top assembly for the sensor model design 
[25]. 

 

An essential concept of the model sensor design was in addressing safety concerns 

when operating equipment utilizing a high voltage. Two ways to consider safety 

issues are to either apply electrical insulation, which consists of using a non-
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conductive material to encase the parallel flat-plate system, or electrical isolat ion. 

Electrical insulation was preferred because the method provides a simple design, as 

the system only requires live components to be completely encased with limited 

access to these components versus the complexity of electrical isolation. The use of 

virgin grade Teflon was used to sufficiently insulate the 1kV voltage potentia l 

applied to the flat-plate assembly. 

 

4.0 Results & Analysis 

In a similar manner, the results of the experimental strategies are presented in 

sections 4.1 – 4.6, following the organization of sections 3.0 through 3.3. Sections 

4.1 and 4.2 provide the results of baseline characterization and start-up events, 

respectively. Sections 4.3 through 4.5 corresponds to Variable State testing and 

section 4.6 provides information on Sensor Model testing. 

 

4.1 Baseline Characterization 

The particle concentration and sensor response in a particle-free stream with PMTrac® 

sensor PMB3-114 is presented in Figure 4.1. The concentration was reduced using a HEPA 

filter with a filtration efficiency of 99.98% at 0.3μm DOP at a rated flow of approximate ly 

2.12 afcm (60 lpm) [26]. The average concentration of the filtered air resulted in 0.023 ± 

0.014 # 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 . The background level of PMTrac® sensor, PMB3-114, maintained a 

steady average current of 0.55 ± 0.01 nA. The background level of sensors PMB3-134 and 

PMB3-081 are also presented in Figures 4.2 and 4.3, respectively. 
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Figure 4.1: PMTrac® Sensor (PMB3-114) response to Particle-Free Stream with the 
neutralizer. 

 

Figures 4.1 through 4.3 show the variability between the characteristic response of the 

PMTrac® sensors with similar particle concentrations and the challenges of monitoring the 

current. PMTrac® sensor PMB3-134, in Figure 4.2, has a background level of 0.45nA and 

Figure 4.3 shows PMTrac® sensor PMB3-081 with a current of 0.62 ± 0.01 nA.  The 

background level of these sensors is averaged to 0.54 nA with an uncertainty of 0.08 nA. 

While PMTrac® sensors, PMB3-114 and PMB3-134, are shown to be relatively stable with 

minimal adjustment from the onset of testing, the signal of PMB3-081 shows a significant 

drift. The time period for PMB3-081 to reach a steady level is recognized in further testing 

to be the start-up time of the sensor. However, at this point during testing, the reason for 
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the drift of the signal was unclear due to the low particle concentration. The results 

presented in Figures 4.1 through 4.3 affected further testing by providing a basis with 

which to compare the PMTrac® signal.  

 

 

 
Figure 4.2: PMTrac® Sensor (PMB3-134) response to Particle-Free Stream without the 

neutralizer. 
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Figure 4.3: PMTrac® Sensor (PMB3-081) response to Particle-Free Stream without the 
neutralizer. 

 

PMTrac® PMB3-081 was tested in a soot particle stream without the neutralizer to assess 

the influence of the neutralizer, shown in Figure 4.4. The PMTrac® sensor is known 

through previous testing to be strongly dependent on particle concentration, thus the signal 

was expected to increase during testing. However, the results present a significant drift 

towards the characteristic current of the PMTrac® signifying that the particle concentration 

reached limits below the minimum limits of detection although the sensor was exposed to 

a particle stream. The level of the signal is attributed to the conditions of the APG. The 

signal was responding to lean combustion conditions that occurred due to the low fuel 
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pressure of the propane source. To produce the results that were expected for this test, the 

particle concentration should have been in the range of 104 to 106 # 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 . The low 

particle concentration in addition to the short duration of the sample provided insuffic ient 

conditions to determine the neutralizer’s contribution to the PMTrac® signal. However, 

information that can be gained from these results is the consistency of sensor PMB3-081. 

The concentration was reduced to 0.032 ± 0.023 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3  resulting in a current of 0.66 

± 0.06 nA, which is comparable to the signal in Figure 4.3. 

 

 

Figure 4.4: PMTrac® Sensor (PMB3-081) response to Particle-Laden Stream without 
the neutralizer. 
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The results presented in Figure 4.5 were produced after a sixty minute warm up of sensor, 

PMB3-081, using the set up in Figure 3.2. Figure 4.5 provides evidence of the high 

sensitivity to which the PMTrac® sensor monitors fluctuations in particle concentration. 

The PMTrac® signal also displays a linear response to the magnitude of the particle 

concentration, with a slight delay of twenty seconds between the measurements of the 

sensor and the CPC 3022A. By evaluating the combined influence of the neutralizer and 

increased particle concentration in Figure 4.5, the current is shown to average 1.88 ± 0.09 

nA as generated by an average particle concentration of 1.03 ± 0.06 x 106 
# 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 . The 

results of the signal response in Figure 4.5 to the particle concentration generated, provides 

a reasonable baseline for sensor, PMB3-081, to which further testing can be compared.  

 

 

Figure 4.5: PMTrac® Sensor (PMB3-081) response to Particle-Laden Stream with the 
neutralizer. 
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4.2 PMTrac® Sensor Start-Up Events  

Baseline Testing has shown in Figure 4.3, conclusively, that a significant start-up time is 

required before an accurate assessment can be obtained. Thus, in further testing a start-up 

event was captured initially by applying the setup in Figure 3.2. The result of this 

measurement is shown in Figure 4.6, below. As testing of the PMTrac® sensor began to 

strain the operation of the CPC 3022A, the setup for the start-up time was changed. The 

setup in Figure 3.2 was altered by replacing the CPC 3022A with a needle valve and 

vacuum pump system. The signal was monitored with the CAN system for the stability of 

the signal before testing the PMTrac® sensor response. 

 

 

 

Figure 4.6: PMTrac® Sensor (PMB3-111) response to intermittent start-up events. 
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All of the start-up events shown in Figure 4.6, above, are not true start-up events as defined 

previously, but intermittent start-up events between testing conditions. Figure 4.6 shows 

three start-up events in series that provide a glimpse into the effect of changes in particle 

concentrations to the response of the PMTrac®, as well as the adjustment period of the 

PMTrac® to changes. The particle concentration initially flows, due to the pull of the CPC 

3022A, at approximately 1.5lpm, rising to 5.22 ± 0.57 x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 . As the flow rate 

fluctuates between to 0.3lpm and 1.5lpm, the particle concentration exponentia l ly 

decreases at about twenty-six minutes to 2.31 ± 0.65 x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 , then increases at 

about thirty-nine minutes to 2.95 ± 0.45 x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 , respectively.  The fluctuat ions 

in the flow rate correspond directly to the PMTrac® response, however, the extent to which 

the flow rate influences the PMTrac® response is further investigated in Section 4.4, 

PMTrac® Sensor Response to Various Flow Rates. The adjustment period for the 

PMTrac® sensor to respond to changes has been shown to be at most six minutes. In using 

a graphical method, the time constant obtained for the third start-up event is slightly larger 

than three minutes. 

 

4.3 PMTrac® Sensor Response to Different Particle Concentrations 

An assessment of the PMTrac® response to different particle concentrations was 

performed by varying the VPR dilution ratio of the APG system from 0.5lpm to 3.0lpm. 

The test conditions shown in Table 4.1 provide information on the changes made to the 

VPR dilution flow rate to obtain each particle concentration, the sequence of the 
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experiments, and measurements of the polydispersed size distribution for each dilut ion 

ratio. The results of the tests performed are presented in Figures 4.7, 4.8, and 4.11. 

Table 4.1: Date & Time Stamp for VPR Dilution Ratio Conditions. 

VPR 

Dilution 

Flow Rate 

Concentration PSD 

CPC 3022A PMTrac® Sensor DMA 

(lpm) Start Time End Time Start Time End Time Start Time End Time 

0.5 22:18:15 22:40:24 22:18:32 22:40:45 22:45:30 22:49:34 

1.0 21:39:32 22:01:40 21:39:42 22:02:03 22:08:01 22:12:05 

1.5 20:38:01 21:00:11 20:38:11 21:00:32 21:03:52 21:08:52 

2.0 19:29:01 19:51:11 19:29:16 19:52:00 23:13:02 23:17:05 

2.5 19:52:01 20:14:11 19:52:01 20:14:11 23:26:26 23:30:26 

3.0 20:15:01 20:37:11 20:15:11 20:38:10 23:07:59 23:11:59 

 

 

Figure 4.7: Overview of particle concentrations at dilution ratios from 0.5lpm to 3.0lpm. 
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Figure 4.7, above, shows the particle concentration, which increases with decreasing VPR 

dilution ratio, and Figure 4.8, below shows the associated response of the PMTrac® sensor. 

By visual inspection of both Figures 4.7 and 4.8, the PMTrac® increases as the 

concentration increases with the exception of the PMTrac® signal at a particle 

concentration of approximately 4.18 x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 , corresponding to a VPR dilut ion 

flow rate of 0.5lpm. However, the PMTrac® signal at this concentration and flow rate also 

shows a slight start-up event before the signal stabilizes. To clarify the relationship between 

the particle concentration and the PMTrac® response, the mean and standard deviation of 

both were determined excluding the warm-up event period. 

 

 

Figure 4.8: Overview of PMTrac® response at dilution ratios from 0.5lpm to 3.0lpm. 
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The result of the mean and standard deviation for the particle concentration and current 

from Figures 4.7 and 4.8 are displayed in Table 4.2. The response of the PMTrac® sensor 

is expected to increase as the particle concentration. However, the PMTrac® response 

shows a sharp decline at 0.5lpm, corresponding to a particle concentration of 4.18 x 

106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 , which could be a deviation in the data trend due to the length of time 

between warm up events for the sensor or the PMTrac® could have an upper limit to the 

influence of particle concentration.  

 

Table 4.2: The average concentration and current with associated standard deviation 
for each VPR dilution ratio. 

VPR Dilution 

Flow Rate 

 (lpm) 

Concentration 
(#/cm³) 

Standard 

Deviation  

(#/cm³) 

Current 

(nA) 

Standard 

Deviation   

(nA) 

0.5 4.18E+06 0.306E+06 3.01 0.115 

1.0 3.95E+06 0.330E+06 3.50 0.114 

1.5 3.64E+06 0.180E+06 3.26 0.100 

2.0 3.10E+06 0.0579E+06 3.14 0.098 

2.5 2.55E+06 0.0746E+06 2.45 0.078 

3.0 2.12E+06 0.0775E+06 2.20 0.066 

 

Plotting the average PMTrac® response as a function of the mean particle concentration, 

in Figure 4.9, and applying a linear trend line to the data points reveals the test point at 4.18 

x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3  to be an outlier in the test results. The mean PMTrac® response was 
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determined by averaging the response when the signal stabilized, which varied depending 

on the sequence of testing and thus the time between the initial warm up event. For 

continuity, the mean particle concentration was obtained by averaging the concentrat ion 

during the same elapsed time frame as the PMTrac® signal. When the particle 

concentration at 4.18 x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 is considered in the trend, the linear correlation, R2, 

is about 73%. By excluding this data point, the linear correlation value increases by 20%, 

approximately 95%. The equation for the linear regression of the data, excluding the 

particle concentration at 4.18 x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3 , provides the PMTrac® response (y) as a 

function of the particle concentration (x), which is displayed in Figure 4.9.  

 

 

Figure 4.9: PMTrac® response at different particle concentrations. 
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The PMTrac® response was normalized in terms of nA/particles in Figure 4.10, which 

further illustrates the response to the particle concentration at 4.18 x 106 
# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑐𝑚3  as an 

artifact. Thus, excluding this point from the mean and standard deviation of the normalized 

response gives 9.61 ± 0.07 x 10-7 
𝑛𝐴

# 𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
. The mean was obtained by averaging the 

normalized response from 5 to 15 minutes, which is the time frame in which the response 

is most stable during testing. 

 

 

Figure 4.10: The normalized PMTrac® response at dilution ratios from 0.5lpm to 
3.0lpm. 
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Figure 4.11 displays the polydispersed size distributions for each flow rate, which provides 

information about the nominal particle size at each concentration. The plot shows well-

defined polydispersed size distributions with a slight bimodal distribution at small sizes, 

however, unimodal distributions were expected. An interesting note of this test resides in 

the size distribution at 1.5lpm, which seems to be a discrepancy. The discrepancy at 1.5lpm 

requires further investigation along with the increased concentration at particle sizes less 

than 15nm. However, the mode of each distribution remains relatively consistent for each 

dilution ratio.  

 

 

Figure 4.11: Polydispersed Size Distributions at dilution ratios from 0.5lpm to 3.0lpm. 
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4.4 PMTrac® Sensor Response to Various Sensor Flow Rates 

The performance of the PMTrac® sensor was tested at different sample flow rates, which 

were varied from 0.2lpm to 5.0lpm using a needle valve and vacuum pump system. The 

APG was maintained at standard conditions during all testing conditions. After the start-

up event was conducted, the PMTrac® response was monitored for a period of at least 20 

minutes for each flow rate. Figure 4.12 shows the results, which were used to assess the 

influence of the flow rate on the PMTrac® response. The influence of the flow rates is 

represented in Figure 4.13, below, which provides the PMTrac® response as a function of 

the flow rate through the sensor. At 1.4lpm, the PMTrac® sensor has a maximum response.  

 

 

Figure 4.12: PMTrac® sensor response to flow rates – 0.2lpm, 0.5lpm, 1.0lpm, 1.4lpm, 

2.0lpm, and 5.0lpm. 
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Figure 4.13: PMTrac® sensor response as a function of sample flow rates. 

 
 
The PMTrac® response to sample flow rates must also be understood in terms of the 

particles with sufficient mechanical mobility to flow through the PMTrac® sensor and 

housing. Evaluating the mechanical mobility of particles as a function of particle size and 

sample flow rate is essential to determining particle motion resulting from gravitationa l, 

inertial, and Brownian motion. A general analysis of inertial and gravitational losses reveal 

that gravitational and inertial forces have an effect that is relatively unsubstantial at sizes 

less than 1μm. Therefore, the only relevant effect that can be considered here is the 

Brownian motion of particles. To provide a lucid explanation to particle motion resulting 

from Brownian motion, the penetration efficiency due to particle diffusion is determined. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 1 2 3 4 5 6

C
u

r
r
e
n

t 
(n

A
)

Flowrate (lpm)

Influence of Flowrate on PMTrac Response

Current (nA) +STD -STD



35 
 

The penetration efficiency (PE%) due to particle diffusion (D) was assessed using relations 

developed by Gormley and Kennedy [27]. The following relations are a function of the 

diffusion coefficient, average velocity of the flow (Vavg), tube length (l), and tube radius 

(rt). The geometric constraints described for the penetration efficiency are contained within 

the parameter theta (ϑ), as displayed. The expressions by Gormley and Kennedy are shown 

in equations 4.1, 4.2, and 4.3 below. 

 

𝑃𝐸% = 1 − 2.56 𝜗
2

3 + 1.2 𝜗 + 0.177 𝜗
4

3   , for  𝜗 < 0.02                      (4.1) 

 

𝑃𝐸% = 0.819𝑒−3.657𝜗 + 0.097𝑒−22.3𝜗 + 0.0.32𝑒−57𝜗    , for  𝜗 > 0.02               (4.2) 

 

𝜗 =  
𝐷𝑙

𝑉𝑎𝑣𝑔 𝑟𝑡
2                (4.3) 

 

The determined penetration efficiency for the PMTrac® sensor, sensor housing, and 

combination of the sensor and housing is shown in Figure 4.14, below. The figure shows a 

significant discrepancy between flow through the sensor and flow through the housing, 

clearly displaying the sensor housing as the limiting factor for penetration efficiency. 

However, this becomes a non-issue as the PMTrac® sensor is designed to be placed 

directly into the tailpipe pipe of diesel vehicles. 
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Figure 4.14: Penetration Efficiency of the PMTrac® Sensor & Housing at 1.4 lpm. 
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mechanical force applied to a particle) and Coulomb’s force (i.e., the electrical force 

applied to a particle in an electric field) for velocity, the influence of residence time and 

sample flow rate can be understood [28 - 30]. The velocity determined by equating Stoke’s 

Drag and Coulomb’s Force, is the terminal electrostatic velocity. The terminal electrostatic 

velocity is inversely proportional to particle size and directly proportional to the applied 

electric field [28, 30]. As particle sizes increase, the terminal electrostatic velocity of a 

particle in an electric field (i.e., electrical mobility) reduces for a given applied voltage. 

This relationship is presented by Figure 4.15, which shows the penetration efficiency of 

the sensor at the flow rates previously stated. 

The mechanical mobility is directly related to the settling velocity of particles as opposed 

to Stoke’s Drag. Sroke’s Drag, which is dependent on the flow of the gas, is highly 

influenced by the sample flow rate.  At higher flow rates, there is an inadequate amount 

time for the PMTrac® to respond to the flow of particles because the amount of time 

particles spend in the sensor (i.e., residence time) is reduced by the sample flow rate. The 

reduced amount of time for particle transport, minimizes the transport of charges to the 

electrodes resulting in lower current, thus a lower signal. At lower flow rates, particles have 

more time to settle or be pulled to the electrode containing the opposite polarity. However, 

these particles are likely to be concentrated toward a portion of the electrode at the inlet of 

the sensor because of the influence of the electric field on particles. Therefore, a flow rate 

between 1.0 and 1.5lpm, provides optimal conditions for the transport of charges to the 

electrodes. The range of flow rates from 1.0 to 1.5lpm allows the polydispersed sample 

flow of particles to settle and accumulate across the entire electrode surface.  
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Figure 4.15: Penetration Efficiency of PMTrac® at flowrates from 0.2lpm to 5.0 lpm. 
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testing was performed after application of the start-up event. Although particle 

concentrations could not be maintained constant during the test at 150°C, steady state 

conditions were achieved for PMTrac® responses at 50°C and 100°C, see Figures 4.16-18.  

 

 

 
Figure 4.16: PMTrac® (PMB3-111) response to particle concentrations at 50°C. 
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Figure 4.17: PMTrac® (PMB3-111) response to particle concentrations at 100°C. 

 

 
Figure 4.18: PMTrac® (PMB3-111) response to particle concentrations at 150°C. 
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The temperature of the outer walls of the PMTrac® is assumed to equate to the gas 

temperature within the sensor. At particle sizes less than 1μm, the mechanical and thermal 

properties of the particle concentration is influenced by the behavior of the surrounding 

gas. The increase in temperature of the gas increases the mean free path and provides 

greater ionization activity [28, 31]. With this understanding, Figure 4.19 displays the 

expected behavior of the signal. Thermophoresis was calculated as a function of 

temperature and was performed since CPC measurements are susceptible to 

thermophoresis. However, further analysis for the normalized response, see Figure 4.20, 

and corrections for thermophoretic losses, see Figure 4.21, could not provide a firm 

conclusion in this regard.  

 
 

 

Figure 4.19: Influence of 20°C, 50°C, and 100°C temperatures on PMTrac® Sensor 
(PMB3-111). 
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Figure 4.20: The normalized response at 50°C, 100°C, and 150°C temperatures. 

 

 
Figure 4.21: Correction for Thermophoresis at 50°C, 100°C, and 150°C temperatures. 
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After correcting for thermophoretic loss, shown in Figure 4.22 below, for CPC 

measurements, the normalized response curve shows an opposite trend compared to Figure 

4.20. The CPC 3022A measurements are also influenced by diffusion loss due to Brownian 

motion of particles, however, diffusion losses in this temperature range are not significantly 

dependent on temperature [28-30]. Therefore, test results can neither prove nor disprove 

the influence of temperature on PMTrac® sensor. 

 

 

Figure 4.22: The normalized response at 50°C, 100°C, and 150°C temperatures after 
correcting for Thermophoresis. 
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4.6 Model Response to Soot Particles 

During flow rate testing of the sensor model, the signal range remained between 1.0 

and 1.8nA. Flow rate testing began at 5.0lpm, which is displayed in Figure 4.23 

below. The signal is shown to stabilize after sixty minutes of testing and is averaged 

to 1.60 ± 0.02nA. The sensor model is shown to operate in the same response range 

as the PMTrac®. However, in the midst of testing, the model began to exhib i t 

unexpected behavior even after the warm up period. The sensor model genera ted 

abnormal current spikes, shown in Figure 4.24, which is attributed to the formation 

of a particle bridge along the sides of the Teflon body and between the flat plate 

electrodes. Figure 4.24 displays the behavior of the model, which settles to 

approximately 60nA. 

 

 
  Figure 4.23: Sensor Model Response to Flow Rate at 5.0 lpm. 
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The model was shipped to EmiSense for hi-pot testing to assess the behavior of the 

model, but the BNC connector on the model was damaged. To continue with the hi-

pot test, the center of the BNC was connected with an 18 gauge copper wire [32]. 

The hi-pot readings were in the 102mA range and was zero until the current was 

0.02mA [32]. While the supporting PMTrac® electronics module was applied to the 

model, the current was 0.2nA [32]. Because the sensor model was not viable after 

testing, further testing would be required to address this issue. 

 

 
  Figure 4.24: Model Response to Flow Rate at 1.0 lpm. 
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5.0 Conclusion 

The PMTrac® sensor was subjected to mechanical and thermal tests to characte r ize 

the operation of the sensor, by analyzing the behavior of particle concentrat ions 

under these conditions. After evaluating the background signal of the sensor and 

gaining an understanding of the effect of start-up events, testing of the sensor 

revealed key information about the operation of the PMTrac® sensor. In section 4.3, 

the dilution ratio of the VPR was changed to determine the influence of different 

particle concentrations. The test revealed that the sensor operates by design in 

detecting particle concentration, as the sensor signal is linearly dependent on partic le 

concentration. 

The sensor was also subjected to varying sample flow rates, in section 4.4. The 

results showed that the influence of sample flow rates play an important role in the 

behavior of particles within the sensor. Particle transport within the sensor is govern 

by the electrical and mechanical mobility of the particles. The electrical mobility is 

directly related to the electric field in the sensor, and by extension the applied voltage 

potential. With an applied high voltage, electrical mobility governs particle behavio r 

based on particle size. As sizes increase, settling by gravitational forces outwe igh 

electrical forces for a given applied voltage. At the sizes of interest in this 

investigation (i.e., dp < 1μm), electrical mobility determines particle motion within 

the sensor. Also, the sample flow rate influences the residence time for particles in 

the sensor, affecting the signal strength. The optimal sample flow rate was 
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determined to be in the range of 1.0 – 1.5lpm, which is indicative of the residence 

time and signal strength of the PMTrac®. 

Temperature measurements were performed in section 4.5 to determine the how the 

PMTrac® response varies. As the temperature of the gas and particles increased, the 

sensor signal also increased. The increase in signal strength is explained by partic le 

behavior and the ionization activity within the sensor. The temperature modifies the 

mean free path of gas molecules, which increases with temperature. The ionizat ion 

energy of particles is a function of the mean free path, so a decrease in the mean free 

path of gas also causes greater ionization energy of particles and ionization activi ty 

within the sensor.  

Particle behavior within the model is analogous to that within the PMTrac® sensor 

at 5.0lpm, showing a similar signal strength and decreased residence as can be seen 

in Figure 4.23. The sensor was designed under the principles for generating corona 

discharge, which consists of a wire to plate system. The concept of the design was 

that micro corona discharge forms along the surface of the high voltage electrode in 

the sensor model to charge the particles by ionization of the surrounding gas. As 

particles accumulate on the surface of the electrodes, the sensor response increases 

to levels that would explain the amplification of the PMTrac® response. The 

response of the PMTrac® sensor, as the particles are subjected to the stimuli 

described, is as expected if a corona discharge was present in the PMTrac®. 
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5.1 Future Work 

Although the PMTrac® sensor shows great promise of a low cost, robust solution for 

meeting the new stringent CARB and Euro 6 standards, more research needs to be 

performed. The PMTrac® sensor needs a solution to the lengthy start-up of the 

sensor. Also, with electric charge sensors, particle bias is a concern and therefo re, 

monodispersed particles should be generated at specific sizes utilizing the setup in Figure 

3.6 to conclusively assess particle size bias. 

The current study shows through an accumulation of evidence that the formation of 

corona discharge between the electrodes is highly probable. By observing the  

PMTrac® signal as filtered compressed air flows through the sensor, and testing this 

method on the sensor model could definitively prove that the cause of signa l 

amplification is due to the ionization of air [25]. 
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Appendix A: PMTrac® Sensor 

The PMTrac® sensor is a device designed to measure the increased current caused by the 

flow of charged particles. The sensor contains a high voltage electrode, insulation for the 

electronics, an integrated heater, and exhaust housing. All of these components contribute 

to the overall operation of the sensor [22, 23]. 

The high voltage electrode is a cylindrical rod with a positive polarity of 1000V [23]. The 

electrode is enclosed by the exhaust housing. Flow through the sensor is facilitated in this 

study by the external sensor housing; however, in-vehicle application uses the inlet holes. 

The inlet holes are equally and circumferentially spaced around an outlet hole at the tip. 

When the sensor is placed into an external exhaust stream, a positive pressure draws in soot 

particles due to the applied Venturi effect [21, 23]. The electrical system generates the 

electric field of the electrode by supplying the positive 1000 voltage potential [23]. 

As soot accumulates on to the surface of the electrode, the sensor signal can become 

unstable requiring regeneration of the PMTrac®, which is performed by the integrated 

heater system. While the primary function of the heating system is to evaporate moisture 

that condenses on the surface of the electrode, the secondary function of the system is to 

remove soot [23]. The heater connections apply a temperature differential for the heating 

system to operate. Insulation within the PMTrac® protect the electrical components of the 

sensor from the regeneration process [21, 23]. During normal operation, the voltage is 

supplied by an external power supply and controlled by a National Instruments CAN Bus 

system [23]. A data logger system provides the interface to measure the PMTrac® signal 
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as a current response, which is the difference between the ground and negative potential as 

experienced by the grounded electrode [23]. 

 

Appendix B: Instrumentation 

The instrumentation, which was utilized to execute the experimental strategies, were 

configured in various arrangements as displayed in Section 3.0. Although there were 

various arrangements, there was a consistent process used for the experimental strategies.  

The first step in the process is producing particles. The equipment used for producing 

particles depended on the particle type. For generating soot particles, an AVL Particle 

Generator was used and is discussed further in section B.1. The TSI 3074B Filtered Air 

Supply system, described in section B.2, was necessary for the proper operation of the 

APG. The second step of the process requires particles to pass through an electrostatic 

precipitator system. The electrostatic precipitator system could be either the TSI 3080 

Electrostatic Classifier (section B.3.1) or the combination of a neutralizer (section B.4) and 

PMTrac® Sensor system. The third step of the process involved monitoring the particle 

number concentration with a TSI 3022A Condensation Particle Counter, explained in 

section B.3.2, as part of the Scanning Mobility Particle Sizing system (section B.3). 

 

B.1 Anstalt für Verbrennungskraftmaschinen (AVL) Particle Generator (APG) 

The AVL Particle Generator (APG), displayed below in Figure B.1, was used to produce 

polydispersed soot particles with repeatable physical and chemical features that can be 

modified for different applications. The particles generated by the APG was used as an 
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engine exhaust simulation source to perform testing on the sensor. The mixing flow rates 

of oxidizing air and fuel gas, in stoichiometric proportions to each other, control a diffus ion 

flame used to create soot particles. The gas flow rates, dilution ratio, thermal pretreatment 

conditions, and three selected outlets - all variable conditions – determine the size range 

and concentration of the soot particles. 

 

 

 

Figure B.1: Rendering of the AVL Particle Generator (APG) [24]. 

 

 The main operation of the device includes supplying propane, nitrogen, and compressed 

air gas to mass flow controllers. The mass flow controllers manage the gas flow rates in a 

set range, provided below in Table B.1, for each of the outlet conditions.  
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Initially, the main valve is turned to open all of the pneumatic valves for the gasses. 

Opening the pneumatic valves releases the mixing gas (i.e., nitrogen) as well as the 

oxidation air (i.e., compressed air) to the flow control regulators. Once the pressures of the 

gasses are stabilized to 3.5bar for the nitrogen and 1.0bar for the compressed air, the flame 

safety device is pressed to release the propane to the associated flow control regulator [24]. 

After the propane reaches a pressure of 1.0 bar, the gasses flow into the stabiliza t ion 

chamber (i.e., BURNER) and are ignited by activating the flame safety device and igniter 

simultaneously. Particle characteristics can then be adjusted by changing the flow rates. 

For example, increasing any of the dilution flows will decrease the particle concentration, 

preventing particle coagulation, and increasing the mixing or fuel gas decreases particles 

sizes at the outlets.  

Table B.1: Gas flow ranges for the APG according to outlet conditions [24]. 

Outlet Condition Name of Flow Gas Flow Rate Range 

BURNER 

Fuel Propane 15 - 30 ml/min 

Mixing Nitrogen 0 - 45 ml/min 

Oxidation Air 0.3 - 1.0 l/min 

Quench Nitrogen 2 l/min (constant) 

BURNER Dilution Air 0 - 10.0 l/min 

VPR 
Primary Dilution Air 0 - 5.0 l/min 

Secondary Dilution Air 10 l/min (constant) 

DBS Final Dilution Air 11 l/min (constant) 
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The design of the APG consists of a concentric burner (BURNER), volatile particle 

remover (VPR), and dilution bridge stage (DBS) which coincide with the three outlet 

conditions. The BURNER produces soot particles directly from the diffusion flame at high 

concentrations (107 – 108 particles/cm3) and in a median size range from 20 – 150nm [24].  

For testing of monodispersed aerosols with the SMPS system in combination with the 

neutralizer to PMTrac® Sensor system, the concentration range of the BURNER outlet is 

necessary due to significant particle losses across both systems. The DBS outlet provides 

particles with concentration ranges that are variable up to 1x106 particles/cm3; however, 

this range was insufficient for the testing configurations in this study. Therefore, the DBS 

outlet was only used to determine this condition and will not be explained. The primary 

outlet used throughout this investigation was the VPR outlet, explained in more detail as 

follows. 

The VPR outlet provides soot particles that are thermally preconditioned. Soot particles 

from the BURNER have semi-volatiles, which are reduced by thermal pretreatment in the 

following three-step process. The first step includes heating a primary diluter to 350°C, 

which burns off most of the semi-volatiles from the soot particle. In the second step, the 

semi-volatiles continue to be reduced as particles flow through the evaporation tube. The 

evaporation tube remains at a temperature that is adjustable from 150°C to 410°C, but 

sufficient removal of semi-volatiles occurs at 350°C and was used throughout the study.  

The final step involves cooling the particles in a secondary diluter to ambient temperatures 

by using compressed air. The secondary diluter is a venturi diluter, which decreases particle 

loss due to thermophoresis and maintains a dilution factor of 4:1 at a pressure of 1.0bar 
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[24].  The VPR provides soot particles concentrations up to 1x107 particles/cm3 and a size 

range from 10 – 120nm [24]. Particles from this outlet were used at standard conditions, as 

this outlet and conditions provided well-defined particle characteristics for linear ity 

checks. 

 

B.2 TSI Model 3074B Filtered Air Supply (Compressed Air Supply) 

The TSI Model 3074B Filtered Air Supply is conditioning equipment for the compressed 

air line. The atomizer and APG require the compressed air supply to meet Class 1 

regulations based on the International Organization for Standardizations (ISO) [24]. Class 

1 air purity levels are listed under ISO 8573:2010, which provides a classification of the 

primary contaminants in a compressed air system. The ISO 8573 also provides methods to 

identify and measure contaminants for compressed air systems. The main contaminants 

identified by the ISO 8573 are solid particulates, water, and oil content [34]. The APG 

generally comes with an air conditioning unit as an accesory to the APG, however, the TSI 

Model 3074B Filtered Air Supply was substituted to meet the Class 1 purity requirements 

for the compressed air supply line.  

The compressed air supply initially passes through two coalescence filters. The 

coalescence filters use interception to reduce the main contaminants. The fibers of the filter 

gather solid particles, oil, and water of a certain size. The first two filters are the DX and 

BX grade coalescence filters, which filters out solid particles and oil at an efficiency of 

99.85% and 99.99995% of 0.1μm with a velocity of 10𝑐𝑚

𝑠
 [35]. Attached to the filters are 

drain valves to remove water from the air. The pre-conditioned air supply passes through 
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a selective membrane dryer to dry the air to a dew point of 35°F (1.6°C) at a flow rate of 

56 𝐿

𝑚𝑖𝑛
 [35]. The air supply flows into a carbon filter with activated carbon pellets to absorb 

any residual oil vapors at an efficiency of 99.99995 at 0.1μm with a velocity of 10𝑐𝑚

𝑠
 [35]. 

The pressure of the compressed air is regulated between 14.5 Psi (1 bar) to 21.75 Psi (1.5 

bar) for proper operation of the APG and between 43.5 Psi (3 bar) to 50.75 Psi (3.5 bar) 

for the atomizer [24]. 

 

B.3 Scanning Mobility Particle Sizer (SMPS) 

The Scanning Mobility Particle Sizer (SMPS) is a particle measurement system that 

combines two distinct instruments to determine particle size distributions. The TSI Model 

3080 Electrostatic Classifier (DMA) sizes polydispersed particulate matter and generates 

monodispersed particles based on electrical mobility. The TSI Model 3022A Condensation 

Particle Counter (CPC 3022) counts particles, flowing from the DMA, to determine the 

particle concentration. The SMPS system characterizes the physical properties of the 

particles generated by the APG and atomizer. These properties are then compared to the 

sensor signal response to characterize the operation of the PMTrac®. 

 

B.3.1 TSI Model 3080 Electrostatic Classifier (DMA) 

The TSI 3080 Electrostatic Classifier is a device that uses a Differential Mobility Analyzer 

(DMA) column to either produce monodispersed aerosols or size submicrometer aerosols. 

Since the DMA column is the central component of the TSI 3080 Electrostatic Classifier, 
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the entire system is referred to and referenced as the DMA in the experimental schematics 

shown in Figures 3.1 – 3.3. The long column DMA allows classification of particle 

diameter sizes from 10 to 1000nm, which is configured based on SMPS settings. The 

system automatically operates in one of two different modes depending on whether the 

system is under or overpressure [36]. In underpressure mode, the aerosol flow is pulled 

through the system by a pump downstream of the system [36]. Overpressure mode occurs 

when the aerosol generation source pushes the aerosol flow through the system [36]. For 

the purpose of this work, all set-ups were configured so that the DMA system operated in 

underpressure mode. 

The DMA column is an annular cylinder with a high voltage rod at the center and an exit 

at the bottom of the column. The design of the DMA column functions on the basis of 

particle electrical mobility to produce a monodispersed aerosol or size a polydispersed 

stream. Particle electrical mobility (Z) is a function of particle size (dp), see Equation B.1. 

 

    𝑍 =  
𝑛𝑒𝐶𝐶

3𝜋𝜂𝑑𝑝
                                                  (B.1) 

 

The size range of DMA operation, according to the relative mobility band, is determined 

for set values of the aerosol and sheath-air flowrates in addition to the center rod voltage. 

The relative mobility band (
∆𝑍

𝑍𝑝
) is shown, in Equation B.2, to be controlled by the ratio of 
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flowrates for the aerosol inlet (𝑄𝑎), sample outlet (𝑄𝑠 ), sheath-air (𝑄𝑠ℎ ), and excess (𝑄𝑒𝑥) 

flow streams [36].  

 

       
∆𝑍

𝑍𝑝
= 

(𝑄𝑎  +𝑄𝑠  )

(𝑄𝑠ℎ  +𝑄𝑒𝑥  )
                                      (B.2) 

 

This ratio is generally maintained at 1:10 to maintain resolution quality; however, 

resolution was sacrificed for an extended size range of 12.4 to 542.5nm by setting the ratio 

to 1:2.8. Although the DMA column is the central component of the TSI 3080 Electrostat ic 

Classifier, there are other significant components necessary for high-resolut ion 

classification of particles. These components are the impactor, neutralizer, and the 

electronic controller. The impactor is attached to the inlet of the system and provides a cut 

off diameter, D50 [36]. During operation particles flow from the impactor to the neutralizer, 

then to the DMA column. The electronic controller manages the sheath-air flow and high 

voltage supply for the DMA, which controls the flow and by association the sizes of the 

particles.  

The impactor nozzle removes larger particles and reduces the amount of particles with 

multiple charges. The impactor removes particles by inertial impaction on a plate installed 

directly across from the inlet of the nozzle. The size of the particles that can bypass the 

impaction plate are determined by the cut-point diameter (D50), which relies on the inlet 

flow rate and nozzle diameter (dImp) [36]. The condensation particle counter sets the flow 
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rate (Q) at approximately 1.5lpm, and the nozzle diameter of the impactor (dImp) is 0.071cm 

[36]. With this flow rate, nozzle diameter, and a Stoke’s number (S) of 0.23, the cut-point 

diameter is 589nm, determined by Equation B.3 below [36]: 

 

                         𝐷50 =  √
9𝜋𝑆𝜂𝑑𝐼𝑚𝑝

4𝜌𝑃𝐶𝑐𝑄
                                     (B.3). 

Because of the impactor, particles smaller than 589nm can enter the neutralizer. The 

neutralizer is a bipolar soft x-ray that generates positive and negative air ions to neutralize 

the electrostatic charges on the aerosol particles. At flow rates up to 5
𝑳

𝒎𝒊𝒏
, the residence 

time of the particles in the neutralizer is adequate to neutralize charges for a maximum 

particle concentration of 107  
𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔

𝒄𝒎𝟑  [36]. The charge remaining on the particles after 

passing through the neutralizer follows a distribution according to particle size. The 

distribution shows that the neutralizer brings the charges to a steady state equilibrium that 

correlates increasing particle size with increasing charges. The calculation of particle 

concentration can then be performed by considering the particle size and number 

concentration of the aerosol that flows through the DMA column to the condensation 

particle counter.  

The electronic controller maintains a constant flow through the sheath-air flow loop, which 

is supplemented with the bypass flow loop to extend the sheath flowrate. The electronic 

controller also controls the voltage applied to the center rod of the DMA column. As 

particles flow through the DMA, oppositely charged particles drift toward the center rod 

due to the electric field and also downward toward the exit because of the sheath-air flow. 
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Particles with an electrical mobility that satisfies the configured flow settings will exit the 

DMA column as a monodispersed aerosol flow. The flow passes to the condensation 

particle counter, where the number concentration is determined. 

 

B.3.2 TSI Model 3022A Condensation Particle Counter (CPC 3022A) 

The TSI Model 3022A Condensation Particle Counter (CPC 3022A) measures the particle 

number concentration by utilizing the optical properties of solid particulate matter. The 

concentration range of detection can be anywhere from about 1.0x10-2 (#/cm3) to 1.0x107 

(#/cm3) and occurs at a lower diameter limit of 0.1μm [37].  

The particle concentration and size range of the CPC 3022A are paramount to this study to 

detect the high concentration of particles produced by the APG. Depending on the 

particular set-up used, the particle concentration is capable of surpassing the limits of the 

CPC 3022A. Simultaneous monitoring of the particle concentration and the PMTrac® 

sensor signal is necessary to draw comparisons, which will be analyzed to characterize the 

performance of the sensor and determine the mechanisms underlying the signal 

amplification of the sensor.  

The theory underlying the equipment is based on Rayleigh Scattering, which explains the 

scattering of light by particles in the free molecular size regime. The CPC3022A operates 

at two flow rates to bring particles to the optical detector (i.e., photodetector) [37]. The low 

flow rate is 0.3 lpm (5 cm3/s) and high flow rate is 1.5 lpm (25 cm3/s). Throughout this 

study, the high flow rate was used to minimize particle loss to the photodetector. The flow 
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through the photodetector, however, is designed to be maintained at the low flow rate. The 

photodetector consists of a housing system for the flow of particles, a 10μm x 2mm laser 

light source, and an optical system to capture pulses of scattered light [37]. The captured 

pulses are converted into an electrical signal that is counted by one of three methods. The 

three methodes are automaticcally chosen based on particle concentration. 

In the operation of the CPC3022A, particle laden air flows into the sample inlet at one of 

the two flow rates and passes a liquid pool of butanol, heated to 37°C (98.6°F) [37]. The 

evaporated butanol is cooled to 10°C (50°F), becoming supersaturated and condenses on 

the particle surface [37]. This process increases particle size for optical detection in the 

photodetector. As particles pass through the photodetector, scattering light from the laser, 

they generate an electrical signal at a rate that relates to the particle number concentration.  

Particle number concentration is determined depending on the automatic selection of three 

counting modes (i.e., Single-Particle Realtime Counting, Single-Particle Live-Time 

Counting, or Photometric Calibration). The three counting modes depend on the 

concentration range. Single-Particle Realtime counting occurs at concentrations below 103 

#/cm3. Particle number concentration is calculated based on an approximated statistica l 

relationship between measured and true particle concentrations, shown by equation B.4 

[37]: 

 

    𝐶𝑎  =  𝐶𝑖𝑒
(𝑄𝑡𝐶𝑖)

        (B.4). 
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Ca is the true particle concentration (#/cm3), Ci is the measured particle concentration 

(#/cm3), Q is the flow rate through the photodetector (i.e., 0.3 lpm), t is the single particle 

counting time (i.e., 4 μs), and the exponential QtC i is the average number of particles 

occurring during t. Using equations B.5 - B.6, concentration can be calculated [37]: 

 

         𝐶𝑖  =  
𝑃𝑡

𝒱
                  (B.5), 

 

       𝒱 = 𝑄𝑡       (B.6), 

 

where Pt is the particle total count and 𝒱 is the volume of the sample air. 

Single-particle live-time counting occurs for concentrations from 103 #/cm3 to 104 #/cm3. 

The mode is similar to Single-Particle Real-time Counting. However, correction for 

coincidence is applied. Coincidence is corrected by counting particles over tl, which is the 

accumulated sampling time (i.e., live-time). Particle concentration is then calculated by 

equation B.7 [37]: 

 

                𝐶𝑖  =  
𝑄 ∙ 𝑃𝑡

𝑡𝑙
     (B.7). 

 

Photometric calibration operates for concentrations above 104 #/cm3 [37]. Photometric 

calibration assesses particle concentration by the DC voltage of the photodetector. The DC 

voltage is calibrated up to 5x106 (#/cm3) by utilizing the DMA and an aerosol electrometer, 
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which is explained in the work of Agarwal and Sem [38]. The DC voltage, calibrated to a 

concentration of 5x106 (#/cm3), uses a dilution bridge tunnel, shown by Pollak et. al. [39]. 

 

B.4 Neutralizer 

A neutralizer is an apparatus that neutralizes the electrostatic charges on particles in an 

aerosol stream. The neutralizer is an enclosed device containing either a radioactive or non-

radioactive source that produces bipolar ions from the air. With adequate residence time in 

the device, ions with opposite polarity attach to particles to change the charge distribution 

of the stream. By altering the charge distribution of the particles to a known charge 

distribution, the size distribution can be estimated.  

When particles have an elementary charge (q), the electrical mobility (Z) and mechanica l 

mobility (B) are directly related by Equation B.8 [28-30]. 

 

              𝑍 = 𝑞𝐵                                                 (B.8) 

 

The particle size is determined from the mechanical mobility by assuming a spherical 

shape. When there are up to two charges on the particle, the particle size is determined 

from Equation B.9 which approximates the charge distribution for sizes 1 to 1000nm [29, 

30, 40]. 

 

      𝑓(𝑁) = 10[∑ 𝑎𝑖(𝑁𝑞) (log (
𝑑𝑝

𝑑𝑝−1
))5

𝑖=0 ]                           (B.9) 
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The coefficient, 𝑎𝑖, is obtained from Wiedensohler (1987) [40]. Generally, soot particles 

are electrically neutral with one or two charges on a particle and thus, the soot aerosol 

stream will satisfy the requirements for Equation B.9 [30, 40].  

Two external neutralizers were used with the PMTrac® Sensor. Both neutralizers 

contained Polonium-210 ionizing strips, however, one contained four ionizing strips while 

the other contained a singular strip. The neutralizers were testing against each other to 

determine, which would provide the highest exposure of the radioactive isotope to the 

particle stream. The neutralizer with four ionizing strips was determined to provide the 

most exposure and reduce particle loss from the stream. Therefore, the four strip external 

neutralizer was used. 
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