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Abstract: Since 2011, Euro 5b European standard limits the particle number (PN) emissions in
addition to the particulate matter (PM) emissions. New thermal engines equipped vehicles have to
auto-diagnose their own Diesel particulate filter (DPF) using on-board diagnostic (OBD) sensors.
Accumulative resistive soot sensors seem to be good candidates for PM measurements. The aim of
this study is to bring more comprehension about soot micro-structures construction in order to link the
response of such a sensor to particle size and PN concentration. The sensor sensitivity to the particle
size has been studied using successively an electrostatic and an aerodynamic classification, showing
the same trend.
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1. Introduction

The nano-sized soot particle emission from thermal engines has a harmful impact over human’s
health. Their small size allows them to deeply penetrate through our organism and then release the
carcinogenic chemical compounds that they carry [1]. In 2011, Euro 5b standard introduced a
restriction concerning PN concentration for Diesel vehicles and it has been extended to gasoline
vehicles in 2014 by Euro 6b norms. The on-board diagnostic (OBD) of the Diesel particle filter (DPF)
is also mentioned. The resistive soot sensors present several advantages in the OBD context: they are
cheap and easy to integrate on the exhaust line. For now, a PM threshold can be detected [2]. The aim
of this work is to study if a PN threshold detection could be performed by the resistive soot sensor.

The resistive soot sensors measure the conductance of the soot microstructures that link the
interdigitated platinum electrodes of the sensor. In the past, several studies have been conducted over a
wide range of experimental parameters, such as the polarization voltage and the chemical nature of the
soot particles [3], the particle mass flux [2], the sensor nose design [4,5] or the impact of the
thermophoresis [6,7]. The aim of this study is to improve our comprehension of the soot capture
phenomenon. In order to evaluate the impact of the size of soot particles over the sensor response, two
experimental set-up have been used. First, the classification has been performed using a Differential
Mobility Analyzer (DMA 3775, TSI, Shoreview, USA). Then, an Aerodynamic Aerosol Classifier (AAC,
Cambustion, Cambridge, UK) was used.
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2. Materiel and Methods

2.1. Experimental Set-Up Overview

The test bench (cf. Figure 1) is composed of a mini-CAST (Combustion Aerosol STandard, Jing
Ltd., Zollikofen, Switzerland) that generates a poly-disperse soot aerosol of concentration Ci = 108
#/cm3 at the temperature T1 =70 °C (1). The aerosol is diluted 10 times by a clean, dry air in a VKL
10 (Palas GmbH, Karlsruhe, Germany) in order to avoid any condensation and to reach the
temperature and concentration compatible with the inlet conditions of the DMA (T2 =28 °C and C,
=107 #/cm?) (2). The classification is operated by either the DMA or the AAC (13=28 °C and Cs=10*
#/cm? to Cs=10°#/cm> depending on the classification technique) (3). Finally, the mono-disperse
aerosol is driven to the 12 mm diameter soot sensor chamber, heated by a tubular oven at the
temperature of Ta = 180 °C, which leads to a Reynolds number Re = 50 (4). The flow is drained by a
Gilair pump at 1.5 L/min, protected by a HEPA filter.
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Figure 1. Schematic view of the experimental bench. A CPC 3022A, TSI (Condensation Particle
Counter) has been used to measure the distribution size function of the soot aerosol.

2.2. Resistive Soot Sensor

In a previous study [3], a resistive soot sensor has been developed. A polarization tension (Vo
= {30; 70; 85; 100} V) applied between two platinum interdigitated electrodes helps to the
construction of bridge-like structures, which are responsible of the conductance increase. The
construction time of the first bridge linking the electrodes is called percolation time. As well as the
electrodes, a heater is printed on the back of the alumina substrate in order to perform active
regenerations of the soot to clean the sensor up (700 °C).

2.3. Size Distribution Function

The mini-CAST is based on a propane-air diffusion flame quenched by a nitrogen flux. The air,
nitrogen and propane flux can be modified to produce aerosol of different size distributions and
chemical natures. The criterion for choosing among the operating points was the amount and the size
of generated soot particles. Based on the Grondin et al. [3] study, it led to the operating point: Qcsus =
3.6 L/min, Quiroxydation = 93 L/min, Qnamix = 450 L/min, Qnzquench = 9 L/min. The size distribution function
were measured by the AAC and the DMA (Figure 2).

2.4. Electric Classification by a DMA (Differential Mobility Analyzer 3775, TSI)

Inside the DMA, soot particles are carried between two concentric electrodes by an air flow
(sheath flow). The aerosol is then submitted to both the Coulomb force and the drag induced by the
sheath flow. By changing the electric field or the sheath flow, the electrical mobility diameter of the
outlet mono-disperse aerosol can be modified. After their neutralization by a RX-neutralizer (TSI) it
is assumed that the number of charges N» carried by any particle follows the Boltzmann equilibrium
distribution:

n?e?
N, = Ny X exp 4 T/ 1)
m
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where No is the number of neutral particles, dm the mobility diameter of the particles, Kz the
Boltzmann constant and T the temperature of the particles. Consequently, a low number of particle
carries charges. Consequently, according to Equation (1), only a small amount of classified particles
are transmitted to the outlet of the DMA i.e., 20% for the mobility diameter of dm = 70 nm.
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Figure 2. Size distribution functions. (a) Mobility diameter measured by the DMA (for different
times after the mini-CAS T start-up); (b) Aero dynamic diameter measured by the AAC.

2.5. Aerodynamic Classification by an AAC (Cambustion)

The aerodynamic classification has been performed with the AAC (Cambustion). Because of their
injection between two rotating cylinders, soot particles are submitted to both an aerodynamic flow
(sheath flow) and their own centrifugal force. Thus, particles are classified according to their
aerodynamic diameter d. which is the diameter of a sphere with standard density that settles at the
same terminal velocity as the particle of interest [8]. Since this method does not classify them according
to their charge, a higher amount of particles is transmitted to the mono-disperse aerosol. Moreover,
we could suppose that the global charge of the aerosol has an impact over its sensitivity to
electrophoresis, leading to different deposit phenomena, probably more realistic than the previous
technique.

3. Results and Discussion

3.1. Response to an Electrostatically Classified Soot Aerosol

The response of the sensor to the DMA classified aerosol is composed of rare and random
conductance steps (Figure 3a), probably due to the soot bridge constructions. The low PN
concentration makes those events infrequent, leading to a relatively low reproducibility concerning
the percolation time (Figure 3b). Nevertheless, studying several mobility diameters, a correlation had
been identified with the percolation time with the exception of the 100 nm points, due to lower PN
concentration (roughly half the value of other points because of the Gaussian shaped size distribution).
Indeed, both the concentration and the mobility diameter have an impact over the percolation time. It
can be seen that the percolation time increases when the particle size decreases.
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Figure 3. Electrostatic classification (DMA). (a) Typical soot sensor response to DMA classified
aerosols (in this case, a 60 nm aerosol); (b) Overview of the percolation times for different
size-concentrations.

3.2. Response to an Aerodynamically Classified Soot Aerosol

As mentioned before, the AAC classified aerosols have a ten times higher PN concentration
compared to the DMA classified aerosols (7.4 x 10* #/cm? vs. 7.2 x 10° #/cm?). This leads to more
continuous sensor responses, probably because of the numerous soot bridge construction events
occurring at higher PN concentration. Another benefit of this technique is the reproducibility of the
results (Figure 4). On Figure 4, it can be seen that the aerodynamic diameter has an impact over the
response of the sensor. Indeed, 70 nm mono-disperse aerosols present a lower percolation time and a
higher slope than the 50 nm ones. Finally, we can dismiss the impact of the concentration because 70
nm aerosols have a concentration slightly lower than 50 nm aerosols (Figure 2b).
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Figure 4. Soot sensor responses for two AAC classified aerosols: 50 nm and 70 nm (two tests for
each aerosol).

4. Conclusions

This study shows that the resistive soot sensor is sensitive to particle size, even at a low PN
concentration (DMA classification). Two techniques have been used with the same objective and the
AAC classification showed best results considering the reproducibility of the signal, due to the higher
concentration involved. Further studies concerning the impact of the concentration over the signal and
the phenomenology of the bridge-like soot structures could bring more information.
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