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Structure and principle of the new leakage current particulate matter (PM) sensor are introduced and further study is performed
on the PM sensor with the combination of numerical simulation and bench test. High voltage electrode, conductive shell, and
heaters are all built-in. Based on the principle of Venturi tube and maze structure design, this sensor can detect transient PM
concentrations. Internal flow field of the sensor and distribution condition of PM inside the sensor are analyzed through gas-solid
two-phase flow numerical simulation.The experiment was also carried out on the whole sensor system (including mechanical and
electronic circuit part) and the output signals were analyzed. The results of simulation and experiment reveal the possibility of PM
concentration (mass) detection by the sensor.

1. Introduction

Energy saving and environmental protection have always
been the hot and difficult problems in the research field of
internal combustion engine. Diesel engine is widely used in
industry, agriculture, construction, transportation, and other
domains because of its low fuel consumption, high thermal
efficiency, reliability, and low CO

2
emission. But the high PM

emission of diesel engine will have great influence on human
health and environment [1, 2]. Diesel particulate filters (DPF)
have been widely used in diesel vehicles to remove PM
from exhaust gas and help meet stringent legislation [3–
5]. On-board diagnostics (OBD) require monitoring of the
DPF system for malfunction that may cause PM emission
to exceed the regulated levels. In order to fulfill future OBD
legislations, which include more stringent requirements on
monitoring the functionality of those particulate filters, new
sensors which can measure PM concentration directly and
withstand harsh exhaust gas environment are necessary for
OBD purposes [6]. The stringent emission limit of PM is
illustrated in Table 1.

Several technologies of PM detection have been so far
proposed such as insulator-based devices which generate

large change in electrical resistance or capacitance with the
deposition of PM over the insulating layer [7, 8] and catalytic
combustionmethodwhich converts the heat generated by the
catalytic combustion of soot (C) and soluble organic fraction
(SOF) into electrical signal separately [9]. Enterprises such as
BOSCH and NTK are carrying out research on PM sensor
[10, 11]. The sensors designed by BOSCH and NTK are based
on insulator-based devices and measuring electrical capac-
itance and resistance over the insulating layer, respectively.
But resolution of the two sensors is not too high which
cannot meet the requirement of instantaneous concentration
measurement of PM [12].

In this study, a real-time electronic device based on
leakage current was proposed as a PM sensor [13]. Differing
with other kinds of PM sensors, this kind of sensor has a
conductive shell which is connected to ground and electrodes
which are applied with a high voltage. When the exhaust gas
flows through the gap between the high voltage electrode
and conductive shell, PM inside the gas will be ionized
and polarized into conductors, while it has no influence on
other substances such as water vapor and carbon dioxide.
Then leakage current will be produced between electrode and
conductive shell. The PM concentration is obtained based
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Table 1: The emission limits of PM for automotive compression ignition engine.

Euro-VI PM emissions
limit OBD-I threshold OBD-II threshold

PM (mass) 4.5mg/km (3.33mg/m3) 20mg/km (14.8mg/m3) 9mg/km (6.7mg/m3)
PN (count) 6 × 1011 Requirements postponed for lack of adequate sensing technology

Figure 1: Appearance of proposed leakage current PM sensor.

on the functional relationship between leakage current and
PM concentration. When the PM concentration gets higher,
the emission dielectric constant will also become bigger,
which increases the leakage current. On the contrary, lower
PM concentration decreases the leakage current. The control
system in PM sensor can transform the leakage current signal
into voltage signal to make signal processing convenient.
After some interval of time, the heater will start to burn off
the accumulated PM, which will influence output signals of
the sensor [14, 15]. And gas-solid two-phase flow numerical
simulation was carried out to analyze the flow of gas phase
and particle phase inside the sensor [16–19]. Then bench
test was performed on the whole sensor system (including
mechanical and electronic circuit part) and output signals of
the sensor were analyzed.

The results of simulation and experiment have guidance
function for further design of the senor and they reveal the
possibility of PM detection by the leakage current PM sensor.

2. Sensor Introduction

The appearance of proposed leakage current PM sensor is
shown in Figure 1. Subassembly of the sensor can be seen
in Figure 2. Part 1 consists of the conductive shell, annular
flow guide, and high voltage electrode. Parts 2, 3, and 4 are
the heater, the insolated, and sealed section and the sensor-
harness interconnect and environmental seals, respectively,
while part 5 is electronic circuits and its housing.

2.1. Sensor Calibration. A PM sensor calibration system is
adopted to calibrate the initial condition of the sensor: fuel
is introduced into an inverse diffusion flame combustor
which is connected with an exhaust pipe. Then the gas
mixture is ignited and produces stable soot. After that, a
compressor is started and introduces a stable quantity of air

which can be adjusted through a pressure-regulating valve
and heated by a heater. The air enters the exhaust pipe to
dilute the soot produced by combustion and the air input
flow is read by a flowmeter. At the same time, a temperature
sensor outputs the temperature of diluted particles.When the
soot enters the sensor, a current signal is output and then
amplified and converted by a circuit board; then a voltage
signal is output. The signal value is acquired by an A/D
converter and read by a computer. A transient smokemeter
is started in the moment when the soot enters the sensor,
and transient soot concentration ismeasured and output.The
voltage values outputs by the PM sensor under different soot
concentrations are recorded, a calibration curve representing
the changes of the voltage values is drafted, and accurate
particle concentration is obtained.

2.2. Measuring Methods. It can be seen from Figure 3 that
the arrow direction represents the gas flow path. Because
of the design based on Venturi tube principle, the pressure
at the head of the sensor is low. So there is an adsorption
forcing the gas flow inside the sensor. The conductive shell is
connected to ground, and high voltage is applied to the high
voltage electrode, which is about 800∼1000V. When exhaust
gas flows through the gap between the high voltage electrode
and conductive shell, PM will be ionized and polarized into
conductors, while it has no influence on other substances
such as water vapor and CO

2
. Then leakage current will be

produced between electrode and conductive shell. The PM
concentration is obtained based on the functional relation-
ship between leakage current and PM concentration.

2.3. High Voltage Generation and Signal Processing. The
leakage current sensor investigated in this paper consists of
mechanical part and electronic circuit. The mechanical part
of the sensormainly includes electrode and 1000Vpower (the
design of 1000V power could meet the design requirement
after experimental verification in the report of Emisense
Company). One side of the electrode is connected to the
positive of the 1000V power and the other side to the
operational amplifier of the electronic circuit. The design
requirement of the control system in PM sensor is to trans-
form the leakage current signal, which varies with the change
of PM concentration, into voltage signal. The signal should
be filtered, amplified, calibrated, amended, A/D converted,
and so forth. And then it should be transformed into con-
troller area network (CAN) telegram information through
CAN controller integrated in the single chip microcomputer.
Finally it is connected into the BUS by CAN transceiver [20].

Figure 4 indicates the electronic circuitry of leakage
current PM sensor. The electronic circuit consists of signal
amplification circuit, module of single chip microcomputer,
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Figure 2: Subassembly of leakage current sensor.
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Figure 3: Flow drawing based on the principle of Venturi tube.

CAN transceiver, heating module, temperature measuring
module, and power module.

2.4. Sensor Regeneration and Maze Design. Due to small size
of sensor structure, the gap between high voltage electrode
and conductive shell, heater, and lead wires cannot be set big
enough. Therefore, PM is accumulated in all gaps some time
later, and the leakage current will increase. The PM sensor
cannot work normally when accumulated PM reaches a
certain thickness. So a heater consists of exothermic ceramics,
and positive and negative electrodes are integrated in the
sealed space.The exothermic ceramics is closing to the side of
exhaust flow space, and the negative electrode is connected to
the ground. In the exothermic ceramics, positive and negative

electrodes are coated with insulating and high temperature
resistance ceramic shielded layer. With PM accumulated,
resistance between the metal shielded layer and conductive
shell will decrease, which can be used as a judgment signal.
When the resistance is lesser than the programmed value, the
heater is started by the resistance controlling circuit and then
the accumulated PM is burned off by electricity discharged
by the high voltage electrode. In addition, though a heater
is needed to burn off the accumulated PM, the excessive
energy consumption can be ignored comparing to the total
consumption.

To decrease the amount of PM flowing into the sealed
space, maze structure is designed in front of the sealed space
[21]. The maze design consists of two shoulders which can be
seen in Figure 5. The mutually staggered two shoulders are
designed between the shell and electrode. The first shoulder
is set in the flow space of exhaust and integrated with the
electrode, and the second one is set on baffle ring which
connected firmly to the shell. The two shoulders formed
several curves, which can reduce the amount of PM flowing
into the sealed space and the effect of maze structure design
can be seen in the numerical simulation part.

3. Numerical Simulation and Analysis

Since the inner structure of the PM sensor is complex, it is
difficult to get the distribution condition of its inner flow
field and PM. With the quick development of simulating
calculation, it is available to use computational fluid dynamics
(CFD) to simulate flow process inside the sensor and obtain
various parameters of gas and PM which can be used to
optimize structure of the PM sensor. The models of 𝑘-𝜀 and
DPM are adopted for the gas phase and disperse phase,
respectively, while the SIMPLE model of gas-solid two phase
flow is used for the numerical simulation. Three-dimension
and mesh model of the PM sensor can be seen in Figure 6.
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Figure 4: Electronic circuitry of leakage current PM sensor.
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Figure 5: Maze design structure drawing.

3.1. Velocity Distribution. Figure 7 shows the velocity distri-
bution of 𝑧 = 0 section. It can be seen that flow rate of
exhaust gas in the concentration testing area is steady, and
there is an obvious velocity gradient distribution at the head
of the sensor. Flow rate is gradually accelerated due to its small
sectional area. On the other hand, the flow rate of exhaust gas
in the space of maze design and central cavity is low.

Figure 9 shows the velocity vector distribution of part of
the sensor. It is clearly showed that an eddy was produced
at the central cavity due to sudden change of sectional area,
which causes the collision of airflow and sensor interior face.
However, it can be seen in Figure 8 that the pressure loss is
small because of small disturbance intensity. But the eddy
will cause suspension of PM in this place and increase its
stagnation time. And rate of exhaust gas is steady in the
subsequent flowing space without eddy formed. Figure 10
shows the velocity vector distribution of 𝑥 = −25 annular
section. The outermost, intermediate, and innermost torus
is velocity vector distribution of the flow space of outboard
protective element, concentration testing area, and central
cavity, respectively. At the windward side of the outermost
torus, velocity of airflow is low, while it is high at the leeward
side. It is mainly because of the block of flow guide, which
decreases the momentum of gas at the windward side and
generates acceleration area at the side of annular flow guide.
The flow rate of concentration testing area is steady, which

indicates that the flow space of outboard protective element
can stabilize flow rate, and it makes contribution to the
stabilization of PMflow rate in the concentration testing area.

3.2. Distribution Conditions of the PM. Figure 11 shows the
distribution conditions of PM inside the sensor when exhaust
flow rate is 72, 55, 37 meter per second, respectively. By
comparison, there is an obvious reduction of PM inside the
maze structure design when exhaust flow rate is 55 and 37
meter per second. It indicates that maze structure design
can prevent PM effectively when flow rate is low. However,
there is more PMdistributed inmaze structure design at high
flow rate because exhaust gas of high flow rate has a strong
carrying effect on PM. A little PM is distributed at windward
side of outboard protective element for the low flow rate there
and it is more obvious with low flow rate. But when flow
rate is high, distribution of PM inside the sensor is relatively
homogeneous.

According to the relevant research, all sizes of PM dis-
tributed evenly and unorderly inside the sensor, but around
the maze structure design, the amount of the PM tends to
be less, and the size of the PM tends to be smaller. The
maze structure reduces the PM concentration at the end
space of the sensor and makes PM distribution of other parts
homogeneous, which is advantageous to the accurateness of
the sensor.

4. Experiment

Figure 12 shows the signal collection system, installation of
sensors, test bench, and control circuits. Feasibility study of
the sensor to measure PM concentration was performed.
186FA single-cylinder air cooled diesel engine was used in the
first round bench test. An electric eddy current dynamometer
and a smokemeter are used in the test, which are produced
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V (m·s−1)

Figure 8: Static pressure distribution of 𝑧 = 0 section.

by Hangzhou Zhong Cheng Testing Technology Ltd. and
Wenzhou Instrument Factory of China, respectively, and the
data collection system is self-made.

4.1. Output Voltage at Different Testing Condition. The PM
concentration is different under different testing conditions.
And smoke intensity increases with the enhancement of
load, as well as the PM concentration. Therefore, the load
conditions of 10%, 50%, and 100% at rated speed can be
selected in the bench test and then the average data are
collected each time. When the engine load runs at full load,
the working condition can be very tough because of the high
velocity of the exhaust gas flow and high temperature. The
stability of the sensor can be guaranteed if it still works well
under full load. From the results in Table 2 and Figures 13
and 14, it can be seen that the output voltage increases with
the increasing engine load (as well as the smoke intensity and

V (m·s−1)

Figure 9: The local velocity vector distribution.

Windward side

V (m·s−1)

Figure 10: The velocity vector distribution of 𝑥 = 25 ring section.

PM concentration). It reveals the feasibility of the sensor to
measure PM concentration.

4.2. Influence of Exhaust Gas Temperature upon Sensor
Output. For a leakage current PM sensor like this, changes
in measured values have two possibilities: that the PM
concentration has changed or that the PM concentration has
not changed, but conditions have changed. In this paper, we
study the influence of exhaust gas temperature upon sensor
output. The schematic of artificial test bench can be seen in
Figure 15. Concentration and temperature are controlled by
the mass flow controller and heater separately. We measure
the sensor output under different temperatures with the same
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Table 2: Output signal in different loads.

Load Average collected in the first time (V) Average collected in the second time (V) Average collected in the third time (V)
10% 0.78 0.72 0.83
50% 2.43 2.47 2.46
100% 4.13 4.14 4.16

(a) (b) (c)

Figure 11: Particulate distribution inside the sensor.

Figure 12: Different parts of bench test.

change of PM concentration. Normalized sensitivity was
calculated under different temperatures, which can be seen
in Figure 16, the change sensor output is strongly influenced
by EGT, and sensitivity changes by 3 times over temperature

range from 240∘C to 473∘C. A ceramic heater can reduce the
influence to the output signal during the heating procedure
and burn off the carbon bridge caused by PM concentration.
To ensure that the sensor is accurate enough to fulfill its task,
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a controlled and interrupted heating processing should also
be adopted. And a universal temperature correction should
be applied to sensor output.

5. Conclusion

In this paper, the structure and principle of the PM sensor
are introduced. The gas-solid two-phase flow numerical
simulation is carried out, and simulation analysis was applied
to the design of Venturi tube and maze structure design.
Finally bench test was performed for a feasibility study of PM
concentration detection and study of the influence of EGT
upon sensor output.

The conclusions obtained can be seen as follows:

(1) The design of Venturi tube in the sensor produces
differential pressure and has a significant effect on
stability of the internal air flow.

Soot
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CompressorPosition of the
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Figure 15: Schematic set-up of the artificial soot particle test bench.
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Figure 16: Sensitivity over different exhaust gas temperature.

(2) The maze design can prevent the PM from entering
into sealed space effectively at low flow rate.

(3) The output signal increases with the increasing engine
load, which confirms the feasibility of PM concentra-
tion detection of the leakage current PM sensor.

(4) The sensor output is strongly influenced by EGT so
universal temperature correction should be applied to
sensor output.

But this is a fundamental study of the new PM sensor; a
further study should be performed for commercial appli-
cation. Thermal analysis based on finite element method
needs to be taken. By establishing 3D model and carrying
out numerical simulation, the transient and steady state of
temperature fields of the sensor can be approached. The
appropriate heating power of the sensor which can guarantee
the quick and safe turning of the sensor into its response
phase can be reached by studying the temperature fields and
transient simulations under different heating power.

Additional Points

A new sensor for transient PM (discharged by diesel engine)
concentration measurement was used.
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