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(54) Title: SURFACE GAP SOOT SENSOR FOR EXHAUST

106

(57) Abstract: A method and apparatus for sensing partic-
ulates within an exhaust flow are provided. The methods
and apparatus utilize a soot sensor that includes opposed
electrodes separated by an insulator. Preferably, a gap is
formed between the electrodes and the insulator to prevent
electrical current from flowing therebetween. The soot
sensor, when positioned in an exhaust tlow, will accumu-
late a layer of particulates on an outer surface thereof. As
the layer of particulates increases the particulates will
bridge the two electrodes permitting current flow. The sen-
sor is configured with a proper geometry and potential dif-
ference between the electrodes to generate currents in the
milli-amp range. Further, the sensor is configured to have
a regenerative effect that causes the bridge to be broken
when particles sees to impinge the soot sensor.
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SURFACE GAP SOOT SENSOR FOR EXHAUST

FIELD OF THE INVENTION

[0001] This invention generally relates to engine exhaust systems and more particularly

systems and methods for sensing particulate matter generation within an exhaust system.

BACKGROUND OF THE INVENTION

[0002] Increasing environmental restrictions and regulations are causing diesel engine
manufacturers and packagers to develop technologies that improve and reduce the impact
that operation of such engines have on the environment. As a result, much design work has
gone into the controls that operate the combustion process within the engine itself in an
attempt to increase fuel economy and reduce emissions such as NOy and particulate matter
(e.g. soot). However, given the operating variables and parameters over which a diesel
engine operates and given the tradeoff between NOy and particulate generation, many
engine manufacturers and packagers have found it useful or necessary to apply exhaust
after-treatment devices to their systems. These devices are used to filter the exhaust gas
flow from the diesel engine to remove or reduce to acceptable levels certain emissions.
Such devices are particularly useful in removing exhaust particulates, or soot, from the

exhaust gas flow before such soot is released into the environment.

[0003] One such exhaust after-treatment device is called a Diesel Particulate Filter
(DPF). The DPF is positioned in the exhaust system such that all exhaust gases from the
diesel engine flow through it. The DPF is configured so that the particles in the exhaust gas
are deposited in the filter substrate of the DPF. In this way, the particulates are filtered out
of the exhaust gas so that the engine or engine system can meet or exceed the environmental

regulations that apply thereto.

[0004] While such devices provide a significant environmental benefit, as with any
filter, problems may occur as the DPF continues to accumulate these particulates. After a
period of time the DPF becomes sufficiently loaded with soot that the exhaust gases
experience a significant pressure drop passing through the increasingly restrictive filter. As
a result of operating with an overly restrictive filter, the engine thermal efficiency declines
because the engine must work harder and harder simply to pump the exhaust gases through

the loaded DPF. Besides the reduced thermal efficiency, a second and potentially more
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dangerous problem may occur. Because the particulates such as soot accumulated in the
DPF are flammable, continued operation with a loaded DPF raises the serious potential for
uncontrolled exhaust fires if and when the accumulated soot is eventually ignited and burns

uncontrollably.

[0005] To avoid either occurrence the engine packager typically incorporates one of
several possible filter heating devices upstream of the DPF to periodically clean the filter.
These filter heating devices are used periodically to artificially raise the temperature of the
exhaust stream to a point at which the accumulated particulates will self-ignite. When
initiated at a time before loading of the DPF becomes excessive, the ignition and burn off
will occur in a safe and controlled fashion. This process of burning the particulate matter in
such a controlled manner is called regeneration. The control of the method to generate the
supplemental heat necessary to increase the temperature in the DPF is critical to the safe and
reliable regeneration. Typically the acceptable regeneration range is from 600 to 900 °C.
Temperatures below this range are insufficient to ignite the accumulated particulate matter,

and temperatures above this range may cause thermal damage to the filter media.

[0006] The rate at which particulates accumulates in the filter depends entirely upon the
operating regime of the engine and the engine manufacturer or packager must also
determine when to initiate the regeneration process. If regeneration is initiated too soon
when the DPF is only lightly loaded, the process will be inefficient. If the regeneration is
not initiated until the DPF is heavily loaded, the overall engine efficiency would have been
unduly reduced as discussed above and there is a risk that the particulate matter may self-

ignite and/or that the burn may be unsafe and uncontrolled.

[0007] In an attempt to properly determine when to initiate the regeneration process,
several sensors and control algorithms have been developed. These sensors and control
algorithms are used to estimate the particulate or soot loading of the DPF so that
regeneration can be initiated only after particulate loading could cause an engine efficiency
reduction but before excessive loading occurs actually resulting in such an efficiency

reduction and raising the potential for self-ignition.

[0008] Besides determining when to initiate regeneration of a downstream DPF,
monitoring particulate production within an exhaust stream can also provide engine
operating feed back to the operator. Particulate matter is typically formed when an engine
is running fuel rich, i.e. too much fuel is being injected into the engine such that it cannot be

entirely combusted during the combustion cycle. Thus, a high level of particulate
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production sensed within the exhaust stream can indicate that the engine is running fuel rich

and thus wasting fuel or at less than optimum condition.

[0009] Several downfalls exist with regard to current particulate sensing technology.

[0010] A first disadvantage of current sensors is the level of the signals generated by the
sensors. Systems that measure the collection of particle charges on an electrode within the
exhaust flow must measure very small amplitude electrical signals within the nano-ampere
to micro-ampere range. This low signal level requires extreme amplification and

conditioning which is not practical for application on vehicle systems.

[0011] A second disadvantage of current sensors relates to maintaining the electrode
surface required for signal quality. Resistive heaters, catalyzed surfaces, insulated surfaces
and spark cleaning have been used for cleaning of the electrode surfaces or attempting to
prevent particulate build-up. These cleaning methods add cost and complexity to the design

of the sensor.

[0012] A third disadvantage of current sensors relates to requirement of complex
algorithms to make use of the electrical signal from the sensor. High speed analysis of
spark discharges or small charge transfer often must incorporate compensation for exhaust
and engine parameters such as temperature, humidity, fuel type, RPM, etc. This may result
in a signal that is not robust and may be casily altered by conditions of the systems or may
require exhaustive calibration. Further, this also adds to the increased processing power

required to process the information.

BRIEF SUMMARY OF THE INVENTION

[0013] In view of the above, embodiments of the present invention provide new and
improved systems and methods for sensing particulates, e.g. soot, within an exhaust flow to
provide feedback to an operator. This feedback information can be used for a plurality of
reasons including. For example, but not limited to, the information can be used to
determine particulate loading in a DPF to more effectively initiate a regeneration process to
burn off the accumulated particulate in the DPF. Additionally, this information can be used
to provide feedback relating to the engine operating conditions. Further yet, the information

can be used to determine the condition or health of a DPF.
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[0014] In one embodiment, a soot sensing arrangement for sensing soot within an
exhaust flow is provided. The soot sensing arrangement includes a pair of spaced apart
electrodes having an insulator interposed therebetween. These components, when in use,
will be positioned in an exhaust flow conduit, e.g., an exhaust manifold or exhaust pipe,
such that at least the first electrode, second electrode and insulator extend into the exhaust
flow. In this arrangement, the exhaust flow impinges on the first electrode, second
electrode and insulator and any soot or particulate therein can likewise impinge thereon.
The soot sensing arrangement also includes a voltage supply operably coupled to the first
and second electrodes providing a predetermined voltage between the first and second
electrodes. Finally, a current sensor operably coupled to the first and second electrodes

senses current between the first and second electrodes.

[0015] In a preferred embodiment, the soot sensing arrangement further includes a first
air gap between the first electrode and the insulator and a second air gap formed between
the second electrode and the insulator so as to further isolate the two electrodes and prevent

current flow.

[0016] Because embodiments of the present invention are aimed at a simplified sensor
that does not need complex coatings, some embodiments are have electrodes that are free of
any passivation material, such as required in U.S. Pat. Publ. No. 2005/0145023 to Rhodes et

al., free of an insulating material formed thereon and/or free of any catalysts thercon.

[0017] In preferred embodiments, the first and second electrodes have a potential
difference of between about 200 volts and 1000 volts and more preferably between about
400 volts and 600 volts.

[0018] A controller arrangement for processing the data sensed by the current sensor
may also be provided. In some embodiments, the output of the sensor is a current in the
milli-amp range such that the controller arrangement is free of any filtering or conditioning
for processing the data generated by the current sensor. This range of amperage puts the

sensor in line with other standard sensors used in engine technology.

[0019] In a particular implementation, the first electrode is a circular disk, the second
electrode is an annular ring, and the insulator is a frusto-conical body interposed between

the disk and ring.
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[0020] In a further embodiment, a method of sensing particulate matter within an
exhaust stream at a first location of the exhaust stream of an engine is provided. The
sensing uses a first sensor having a first electrode, a second electrode and an insulator that is
interposed between and separating the first and second electrodes. The method comprises
the steps of providing a potential difference between the first and second electrodes;
collecting particulate matter on the surfaces of the first and second electrodes and the
insulator to form a plurality of particulate bridges connecting the first and second
electrodes; and monitoring a current between the first and second electrodes due to the

particulate bridges to form current data.

[0021] Further implementations of the method, comprise the step of correlating the
current data to particulate data relating to an amount of particulate matter flowing through

the exhaust stream.

[0022] The method may also include the step of breaking the particulate bridges without
the use of a catalyst material or different potential difference between the first and second
electrodes. More particularly, when the current passes through the particulate bridges the
particulate bridges substantially simultaneous break without the use of a catalyst material or
different potential difference due to either repulsion of the particulates from the sensor or
burning of particulates such that gaps within the bridge are formed breaking the electrically
conductive pathway provided by the particulate bridge. The burning may result do to

resistance within the pathway generated by the particulates.

[0023] Some methods include integrating the current data to determine an estimated
amount of particulate matter that has passed through the exhaust stream. It should be noted
that the analysis of the current data can be done with or without directly correlating the
current data to soot concentration during analysis data as the two sets of data are effectively
the same for a particular system. However, calibration for a given system will be required
such as to determine total soot through the exhaust system. This is because depending on
the system variable, such as exhaust pipe diameter, engine type, flow rate, etc., the actual
amount of soot may vary while actual concentration levels sensed may be the same but
sensed in different systems. Again, because the sensed data generally relates to
soot/particulate concentration, the total exhaust flow may be required for various
calculations relating to the total soot flow. This data may be gathered in many ways such as

by a separate sensor in the exhaust flow or from the engine controller output.
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[0024] Embodiments of the methods may also include initiating a regeneration cycle of

a DPF when the estimated amount of particulate matter exceeds a predetermined value.

[0025] The method may include the step of comparing the current data to a
predetermined threshold value range and adjusting the operation of the engine when the

current data is outside of the predetermined threshold value range.

[0026] Finally, methods according to embodiments of the present invention may include
sensing the particulate matter within the exhaust stream at a two separate locations. One
location is upstream of a component within the exhaust stream and a second location being
downstream of the component. The method will typically use two identical or similar
sensors. The method will include gathering the current data from the two separate sensors
and comparing the current data generated by the first sensor with the current data of the
second sensor. From this data, the status of the component can be analyzed. The method
may include communicating a warning to the operator when the difference between the two

sets of current data is outside of a predetermined range.

[0027] Other aspects, objectives and advantages of the invention will become more
apparent from the following detailed description when taken in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The accompanying drawings incorporated in and forming a part of the
specification illustrate several aspects of the present invention and, together with the

description, serve to explain the principles of the invention. In the drawings:

[0029] FIG. 1 is a schematic representation of an engine and an exhaust system of the

engine including a soot sensor according to an embodiment of the present invention;

[0030] FIG. 2 is an enlarged simplified illustration of the soot sensor of the system of
FIG. 1;

[0031] FIG. 3 is an enlarged simplified illustration of the electrode and insulator

arrangement of the soot sensor of FIG. 2;
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[0032] FIG. 4 is a plot of experimental current data acquired during a test of the soot
sensor of FIG. 1;

[0033] FIG. 5 is an experimental test arrangement similar to the engine and exhaust
system of FIG. 1 including a known soot sensor to determine correlation between sensed

current and soot concentration;

[0034] FIG. 6 is the experimental soot concentration data from the known soot sensor in
FIG. 5;

[0035] FIG. 7 is a plot of the current data taken from the experimental soot sensor
relative to the data taken from the known soot sensor to illustrate the correlation

therebetween;

[0036] FIG. 8 is a plot illustrating the regenerative effects of the soot sensor of FIG. 1;

[0037] FIG. 9 is an enlarged plot of current data obtained using a soot sensor according

to an embodiment of the present invention; and

[0038] FIGS. 10 and 11 are cross-sectional illustrations of the soot sensor of FIG. 2.

[0039] While the invention will be described in connection with certain preferred
embodiments, there is no intent to limit it to those embodiments. On the contrary, the intent
is to cover all alternatives, modifications and equivalents as included within the spirit and

scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE INVENTION

[0040] FIG. 1 is a simplified schematic representation of an embodiment of a particulate
sensor arrangement 100 (also referred to herein as a "soot sensor arrangement 100")
according to the teachings of the present invention. As used here in "particulates,”
"particles," and "soot" are generally synonymous for purposes of understanding the
embodiments of the present invention. The soot sensor arrangement 100 includes a sensor
102 mounted within an exhaust pipe 104. Exhaust 106 (illustrated as arrow 106) flowing
through the exhaust pipe 104 generated by engine 108 impinges on the sensor 102 and the
sensor provides feedback as to the concentration of particulate matter within the exhaust

flow 106. While the sensor is illustrated in an exhaust pipe 104, the sensor 102 could be
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used in other locations along the exhaust flow path, such as within the exhaust manifold,

downstream of any boost device or downstream from a DPF 107.

[0041] As illustrated in FIG. 1, a plurality of sensors 102 may be used to monitor the
particulate matter concentration of the exhaust 106 at various locations to determine, for
example, the cleaning efficiency of the DPF 107 by comparing readings both upstream and
downstream of the DPF 107.

[0042] FIG. 2 is a simplified illustration of one embodiment of a soot sensor 102
according to the teachings of the present invention. The soot sensor 102 is installed within
exhaust flow 106. The soot sensor 102 may include a threaded surface 109 for releasably
installing the soot sensor 102 into the flow path such as being threaded into the sidewall or a

fitting mounted in the sidewall of the exhaust manifold or exhaust pipe 104.

[0043] The soot sensor 102 generally includes charged electrode 112 and ground
electrode 114. Controller/processor 116 (illustrated as a single component but could be
separate components) includes a voltage supply that provides a DC bias, i.e. potential
difference, between the charged electrode 112 and ground electrode 114. Preferably, the
DC bias is between about 200 volts and 1000 volts and more preferably between about 400
volts and 600 volts. Notably, the voltage supply could be an independent component and its
application to electrodes 112, 114 could merely be controlled by controller/processor 116.
In some forms of the invention, the controller/processor 116 may be considered part of the

S€Nsor.

[0044] At least a portion of insulator 118 is axially interposed between the charged
electrode 112 and ground electrode 114 to inhibit electrical current from flowing between
the electrodes in a clean state. With primary reference to FIGS. 10 and 11, to further prevent
any significant electrical current from flowing across the electrodes 112, 114, first air gap
120 is formed between the charged electrode 112 and the insulator 118 and second air gap
122 is formed between the ground electrode 114 and the insulator 118. The first air gap 120
is preferably less than 0.3 inches, more preferably less than 0.2 inches, more preferably less
than 0.15 inches and even more preferably less than 0.1 inches. The second air gap 122 is is
preferably less than 0.3 inches, more preferably less than 0.2 inches, more preferably less

than 0.15 inches and even more preferably less than 0.1 inches.

[0045] Post 123 does extend through air gaps 120 and 122 to operably electrically

connect electrode 112 to the controller/processor 116. However, the post 123 is sufficiently
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inward from the outer surfaces of the electrodes 112, 114 and insulator 118 that it has

negligible effects on the operation of the sensor 102.

[0046] In the illustrated embodiment, the charged electrode 112 is in the form of a disk
and forms the distal end portion of the soot sensor 102. The charged electrode 112 has a
diameter of between about 0.2 and 0.5 inches and more preferably a diameter of between
about 0.3 and 0.4 inches. The charged electrode 112 has an axial thickness of between
about 0.1 and 0.3 inches and more preferably a thickness of between about 0.1 and 0.2
inches. However, other shapes and sizes are contemplated in practicing embodiments of the

present invention. These are representative sizes but other sizes are contemplated.

[0047] The ground electrode 114 is in the form of a generally annular ring surround part
of insulator 118. The ground electrode 114 has an outer diameter of between about 0.3 and
1 inch and more preferably an outer diameter of between about 0.4 and 0.8 inches The
annular ring has an inner diameter of between about 0.25 and 0.95 inches and more
preferably an inner diameter of between about 0.3 and 0.7 inches. These are representative

sizes but other sizes are contemplated.

[0048] Further, the clectrodes 112, 114 are a metal material formed of standard material
for forming spark plug electrodes used for ignition of fuel within an engine. In a preferred
embodiment, the electrodes 112, 114 are free of any insulating (e.g. passivating) or
catalyzing surfaces as such surfaces will increase cost and are contemplated to inhibit the

operation of regeneration processes of the sensor 102.

[0049] The insulator 118 in the illustrated embodiment is a generally rotation symmetric
structure and has a generally frustoconical end portion due to the charged electrode 112
having a smaller diametrical size than the ground electrode 114. The insulator 118 has a
major diameter proximate ground electrode 114 of between about 0.25 and 0.9 inches and a
minor diameter proximate charged electrode 112 of between about 0.2 and 0.5 inches. The
axial length of the insulator 118 extending between charged electrode 112 and the free end
of ground electrode 114 parallel to post 123 and central axis 124 is between about 0.5 and 1

inch. These are representative sizes but other sizes are contemplated.

[0050] However, other insulator shapes are contemplated. Preferably, the insulator
shape corresponds to the shapes of the electrodes 112, 114. E.g., rounded shapes with
rounded electrodes 112, 114 and more rectangular or polygonal shapes when using similar

shaped electrodes. The charged electrode 112, ground electrode 114 and insulator 118 are
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generally coaxial sharing common central axis 124. The soot sensor 102, and particularly
electrodes 112, 114 and insulator 118 can be combined into a single module of individual
components that are all interconnected such that they can all be removed or installed in the

exhaust flow 106 as a single component.

[0051] However, other shapes and configurations of the soot sensor are contemplated.
For instance, the two electrodes 112, 114 and insulator 118 could all be formed as separate
components not coupled together such that they are all substantially discrete pieces. For
instance, the two electrodes 112, 114 could be individual plates separately mounted within
the exhaust flow. Likewise, the insulator 118 could be separately mounted within the
exhaust flow but between the two electrodes 112, 114.

[0052] Controller/processor 116 is configured to monitor or sense any current flowing
between the charged electrode 112 and ground electrode 114. The controller/processor 116
may also include memory for storing as well as a processor for analyzing the current data
that is gathered. Again, it should be noted that the device for sensing or monitoring the
current between electrodes 112, 114 could be a separate component that sends a signal to

the controller/processor 116.

[0053] With reference to FIG. 3, an enlarged and simplified schematic of the soot sensor

102, the operation of the soot sensor 102 will be described.

[0054] As the individual particulates 126 flow within exhaust 106, the particulates 126
will impinge upon the exposed surfaces of the soot sensor 102. Particulate matter
accumulates on the surfaces of the sensor forming a base layer 127 of particulate

accumulation.

[0055] As the particulate layer 127 begins to accumulate gaps 128 are formed on the
soot sensor 102 between individual particulates 126. These gaps 128 are non-conducting
gaps 128 and prevent any significant electrical current from flowing between the electrodes.
However, as individual particulates 126 continue to impinge on the soot sensor 102, and the
layer 127 of particulates that is accumulating thereon, the individual particulates 126 begin

to fill the gaps 128 between adjacent particulates.
[0056] Because these particulates are at least moderately electrically conductive, once

this layer 127 has adequately accumulated and the gaps 128 are filled-in, and first and
second air gaps 120, 122 have been bridged, a conductive pathway 130 is formed by the

10
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plurality of contacting particulates 126 that permit a flow of electricity, i.e. current, to travel
between electrodes 112, 114,

[0057] This flow of current can then be monitored or gathered by controller/processor
116 for later analysis. FIG. 4 is a sample plot of current data gathered using an
experimental embodiment of a soot sensor 102 according to the present invention. The
peaks on the plot illustrate when current was permitted to travel between the electrodes 112,
114. 1t is notable from FIG. 4 that appreciable current readings well in the milli-amp range
are experienced using soot sensor 102. This range is significantly greater than standard soot
sensor arrangement as noted previously that typically remain in the nano- or micro-amp
ranges. By obtaining current readings well into the milli-amp range, limited to no
amplifiers or conditioning of the signal from the soot sensor 102 required for further
analysis of the data collected using the soot sensor 102. Further, the soot sensor 102 will

provide signal value, more comparable to other standard sensors used in the industry.

[0058] In preferred embodiments, the soot sensor senses data having 80, 85, 90, 95
percent of the current data greater than on-tenth of a milli-amp. As such, in preferred
embodiments, the controller that processes the current data sensed by the current sensor can
be free of any amplification for processing the signal from the current sensor. Preferably,

the controller can also be free of any filter or conditioning as well.

[0059] The current value will fluctuate depending on the rate that the gaps 128 are being
filled by particulates 126. More particularly, when particulate concentration with in the
exhaust flow 106 increases, the rate at which particulates impinge on the soot sensor 102
will increase even if exhaust flow rate remains the same. This causes the sensed current
flowing between electrodes 112, 114 to increase because the presence of more particulates
causes more conductive pathways to be generated reducing resistance between electrodes

112, 114 such that an effectively enlarged conductive pathway 130 is generated.

[0060] Further, exhaust flow rate may also affect the rate at which pathways are formed
such that this information may also be used to correlate the data sensed from the soot sensor
into more useable soot information, such as total soot over a period of time, soot
concentration, etc. In other words, there may be a correlation between sensed soot

concentration and current flow sensed.

[0061] As illustrated in FIG. 4 (and better illustrated in FIG. 9), the current values are

individual spikes and current is not continuously increasing as time passes as the cumulative

11
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number of particles that impinge on the soot sensor 102 increases. It is believed that there is
a regenerative effect that occurs under certain conditions that when the pulses of current
pass through the conductive pathway 130 sufficient sparking or heat is generated to burn
away or repulse particulates from the soot sensor 102 such that a base line reading, of just
above zero mA is observed. Due to this regeneration, the number of pathways 130 does not
aggregate such that the sensed current flow does not continually increase in value due to a
continued reduction in resistance between electrodes 112, 114. This regeneration is
believed to, if not actually clean the sensor 102, at a minimum, generate new gaps 128
within the pathways 130 to break the conductive path therebetween such that, at least, new

pathways 130 must be formed to permit a current flow between the electrodes 112, 114.

[0062] This regeneration or cleaning effect is also discussed and illustrated below.

[0063] A test was performed to compare the current readings flowing between the
electrodes 112, 114 with a known soot sensor. A schematic representation of the test
arrangement 134 is illustrated in FIG. 5. It is substantially similar to FIG. 1 except that
there is a known soot sensor 136 slightly downstream from an embodiment of the inventive
soot sensor 102. The known soot sensor 136 in the experimental arrangement 134 was an
AVL Laser Soot Meter. It was placed approximately one inch from the charged electrode
112.

[0064] The engine 108 was then operated under varying operating conditions to
generate various levels, e.g. concentrations, of particulate matter. Over a nine minute
period, the output from the known soot sensor 136 and the current data generated by sensor
102 were monitored. The current data from sensor 102 is illustrated in FIG. 4, which plots
current (in milli-amps) relative to time. The soot concentration data from the known sensor
136 is illustrated in FIG. 6, which plots soot concentration (in milligrams per meter cubed)
relative to time. From these two plots alone, there is illustrated a direct correlation between
the sensed current data from sensor 102 and the sensed soot concentration data from known

sensor 136, as illustrated by the coordinating peaks and shape in the two separate plots.

[0065] Further, the respective data sets were compared to one another in the plot of FIG.
7. This plot is a plot of the cumulative integral of the current data from sensor 102 plotted
relative to the cumulative integral of soot concentration data from known sensor 136. The
resulting plot 140 generates a substantially straight line illustrating a strong correlation
between the sensed current data from sensor 102 to the particulate concentration of the
exhaust flow 106.

12
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[0066] As noted above, a regeneration phenomenon of the sensor 102 was also
observed. A potential difference of about 500 volts DC was applied across the two
electrodes 112, 114. The particular voltage source was limited to a maximum current of 2.5
mA. The response of the sensor 102 was monitored then plotted against time, in FIG. 8. The
limit of 2.5 mA is illustrated by the initial flat line value of 2.5 mA in FIG. 8.

[0067] It is believed that this regenerative effect occurs when sensor 102 is in exhaust
flow 106 and that is why current values of sensor 102 do not continue to increase. At these
conditions, a cleaning or regenerative behavior of the soot sensor 102 was observed. It has
been observed that once soot particles stop impinging on the soot sensor surfaces, the
electrical current begins to decrease and often returns to the levels typical of the base layer
127 only signal. FIG. 8, is a plot illustrating this phenomenon. FIG. 8 plots the response
from a heavily loaded soot sensor 102 that was exposed to the electrical conditions
identified above, i.c. 500 VDC and maximum current of 2.5 mA, and that after about 3
minutes, the soot sensor 102 returned to a baseline current value of nearly zero mA

illustrating that substantially no conductive pathways were present.

[0068] It is contemplated that this experienced regeneration is provided due to
electrostatic repulsion, breakup of the particulate matter conglomerates through electrical
discharge detonation, particle combustion, or other phenomena such that the pathways 130
that permit the electrical current between the electrodes 112, 114 are broken such that new
pathways 130 need to be generated. The rate at which these new pathways 130 are

generated correlates to the particulate concentration within the exhaust flow.

[0069] The information from soot sensor 102 can be used to determine various
characteristics of the exhaust system or engine operation based on sensed exhaust
soot/particulate concentration. For instance, the controller/processor 116 could do analysis
of the feedback from soot sensor 102 to determine that a high rate or concentration of
particulates are being generated in the exhaust flow. Thus, the controller/processor 116 can
determine that less than optimal operating conditions are being experienced. From that, the
engine operating parameters can be altered to adjust the operating conditions of the engine
108. For instance, if too much soot is being generated, this might be the sign that a the
engine has gone to a new altitude, such as in an airplane, such that less oxygen is being
compressed into the combustion chamber of the engine such that not all fuel is being
combusted. Thus, the engine parameter relating to the rate at which fuel is injected into the
combustion chamber may be reduced. Alternatively, boost could be increased to increase

the amount of oxygen added to the combustion chamber.

13



WO 2011/034744 PCT/US2010/047773

[0070] The controller/processor 116 could be part of or a separate component than the

typical engine controller.

[0071] The controller/processor 116 can analyze the current data, such as from FIG. 4,
in various ways. For instance, the current data could be correlated to an instantancous
particulate concentration value. Alternatively, as used in FIG. 7, the current data could be
integrated to determine a total amount of particulate that has passed through the exhaust
system. This aggregate or integrated value can then be used to determine whether a DPF

regeneration is necessary if the value is greater than a predetermined value.

[0072] Further yet, if multiple current data sets are taken at different locations such as
both upstream and downstream of the DPF, these data sets can be used to determine the
health or condition of the DPF. More particularly, they can determine if either too much
particulate is passing through the DPF and there is damage thereto or alternatively if less
than an expected amount of particulates are passing through the DPF such that the DPF may
be plugged. Thus, if a difference between the two sets of data is outside of a predetermined
range, which may either be greater than or less than a value or within a set range, health
and/or operation of the DPF can be determined. Either way, the operator could be warned
of the less than desired operating condition of the DPF such that some sort of maintenance

or further investigation is required.

[0073] Further yet, the controller/processor could create an averaged or approximated
current profile, which would correlate to soot concentration, and utilize the slope or rate of
change of such a plot to determine various conditions. For instance, if the rate of change of
the plot is large, there may have been an upstream change in the system. For instance, the
engine operating parameters could have changed. If downstream from a DPF, the DPF
could have experienced a failure. This average/or approximated current profile would look
more like the sensor signal in FIG. 6 from the AVL meter. This may be done by using a low
pass filter or utilizing running averages. Further analysis may analyze specific frequencies

or frequency analysis on the collected data.

[0074] Additionally, this sensed data only relates to the rate at which particles form
pathways between the two electrodes. Thus, this data may also be combined with additional
operating data such as exhaust flow rate to determine additional information such as soot
generation over a period of time. This could then be used to determine when to initiate

maintenance or regeneration of the DPF.
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[0075] All references, including publications, patent applications, and patents cited
herein are hereby incorporated by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by reference and were set forth in

its entirety herein.

[0076] The use of the terms “a” and “an” and “the” and similar referents in the context
of describing the invention (especially in the context of the following claims) is to be
construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring individually to each separate value
falling within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein. All methods
described herein can be performed in any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any and all examples, or exemplary
language (e.g., “such as”) provided herein, is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the invention unless otherwise
claimed. No language in the specification should be construed as indicating any non-

claimed element as essential to the practice of the invention.

[0077] Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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WHAT IS CLAIMED IS:

1. A soot sensing arrangement for sensing soot within an exhaust flow, the soot
sensing arrangement comprising:

a first electrode;

a second electrode spaced apart from the first electrode;

an insulator interposed between the first electrode and second electrode;

a voltage supply operably coupled to the first and second electrodes providing a
predetermined voltage between the first and second electrodes; and

a current sensor operably coupled to the first and second electrodes to sense current

between the first and second electrodes.

2. The soot sensing arrangement of claim 1, further including a first air gap
between the first electrode and the insulator and a second air gap formed between the

second electrode and the insulator.

3. The soot sensing arrangement of claim 1, wherein the first and second

electrodes are free of any passivation material.

4. The soot sensing arrangement of claim 1, wherein the first and second

electrodes are metal and are free of an insulating material formed thereon.

5. The soot sensing arrangement of claim 2, wherein the first air gap is less than

0.1 inches and the second air gap is less than 0.1 inches.

6. The soot sensing arrangement of claim 3, wherein the first and second

electrodes have a potential difference of between about 200 volts and 1000 volts.

7. The soot sensing arrangement of claim 6, wherein the first and second

electrodes have a potential difference of between about 400 volts and 600 volts.

8. The soot sensing arrangement of claim 1, further comprising a controller
arrangement for processing the data sensed by the current sensor, wherein the controller

arrangement is free of any amplification for processing the signal by the current sensor.

9. The soot sensing arrangement of claim 1, further comprising a controller

arrangement for processing the data sensed by the current sensor, wherein the controller

16



WO 2011/034744 PCT/US2010/047773

arrangement is free of any filtering or conditioning for processing the data generated by the

current sensor.

10.  The soot sensing arrangement of claim 9, wherein the current sensor senses

current values within an accuracy of one-tenth of a milli-amp.

11.  The soot sensing arrangement of claim 9, wherein the current sensor senses

greater than 80% of its current values of a value greater than 0.1 milli-amps.

12.  The soot sensing arrangement of claim 2, further including an exhaust flow
conduit, wherein the a first electrode, second electrode and insulator extend into the exhaust
flow flowing through the exhaust flow conduit such that the exhaust flow impinges on the

first electrode, second electrode and insulator.

13.  The soot sensing arrangement of claim 12, wherein the first electrode is a
circular disk and the second electrode is an annular ring surrounding part of the insulator,
the insulator is a cylindrical insulator having a frusto-conical end portion interposed

between the disk and ring.

14. A method of sensing particulate matter within an exhaust stream at a first
location of the exhaust stream of an engine using a first sensor having a first electrode, a
second electrode and an insulator that is interposed between and separating the first and
second electrodes, the method comprising the steps of:

providing a potential difference between the first and second electrodes;

collecting particulate matter on the surfaces of the first and second electrodes and
the insulator to form a plurality of particulate bridges connecting the first and second
electrodes;

monitoring a current between the first and second electrodes due to the particulate

bridges to form current data.

15.  The method of claim 14, further comprising the step of correlating the
current data to particulate data relating to an amount of particulate matter flowing through

the exhaust stream.
16.  The method of claim 14, further comprising the step of breaking the

particulate bridges without the use of a catalyst material or different change in potential

difference between the first and second electrodes.
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17.  The method of claim 16, further comprising the step of passing the current
through the particulate bridges and wherein the step of passing the current through the
particulate bridges simultaneously performs the step of breaking the particulate bridges
without the use of a catalyst material or changes in potential difference between the first and

second electrodes.

18.  The method of claim 17, wherein the step of breaking the particulate bridges

includes removing portions of the particulate bridges from the particulate bridges.

19. The method of claim 18, wherein the removal of the portions of the
particulate bridges is performed by burning of portions of the bridge due to the current that
is passed therethrough.

20.  The method of claim 14, further comprising using the current data with
exhaust flow rate data to determine an estimated amount of particulate matter that has

passed through the exhaust stream.

21.  The method of claim 20, further comprising the step of initiating a
regeneration cycle of a DPF when the estimated amount of particulate matter exceeds a

predetermined value.

22.  The method of claim 14, further comprising the step of comparing the
current data to a predetermined threshold value range and adjusting the operation of the

engine when the current data is outside of the predetermined threshold value range.

23.  The method of claim 14, further comprising sensing the particulate matter
within the exhaust stream at a second location, the first location being upstream of a
component within the exhaust stream and the second location being downstream of the
component, using a second sensor similar to the first sensor, but located at the second
location, further comprising comparing the current data generated by the first sensor with
the current data of the second sensor and further comprising communicating a warning to
the operator when the difference between the two sets of current data is outside of a

predetermined range.
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