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large particles in a gas which may
also contain small particles. The ap-
paratus comprises a triboelectric
charging means which effects trib-
oelectric charging of the large parti-
cles in the gas, and charge measur-

ing means for measuring charges
on the particles in the gas after it
has passed the triboelectric charg-
ing means. The triboelectric charg-
ing means can be a curved section
of an air intake duct (22) or the
compressor of a turbocharger (70).
The apparatus enables the opera-
tion of an engine or other air con-
suming device to be interrupted
when the concentration of large
particles in the incoming air is suffi-
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to the presence of small particles,
e.g. smoke particles, which are too
small to damage the engine or other
device.

DEVICE




FOR THE PURPOSES OF INFORMATION ONLY

plications under the PCT. -
AT Austria
AU Australia
BE " Belgium
BG Bulgaria
BR Brazit -
CF Central African Republic
cG Congo
CH Switzerland
' M Cameroon
DE Germany, Federal Republic of
DK Denmark
I Finland
FR France
GA Gabon
GB United Xingdom
HU Hungary
JP Japan
KP Democratic People’s Republic of Korea

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international ap-

Republic of Corea
Liechtenstein

Sri Lanka
Luxembourg
Monaco
Madagascar
Mauritania
Malawi

" Netherlands

Norway

Romania

Sudan

Sweden

Senegal

Soviet Union

Chad

Togo

United States of America

o



WO 84/04389 : PCT/US84/00631

-1~

APPARATUS AND METHOD FOR MEASURING THE
CONCENTRATION OF LARGE PARTICLES IN A GAS

Background of the Invention

This invention relates to an apparatus and meth-
od for measuring the concentration of large particles in
a gas. Such particles may comprise, for example, dust,
soot, solid pollutants and the like. The apparatus and
method of the invention are especially intended for pro-
tecting engines and other gas receiving devices from
damage caused by the intake of air containing too much dust
or other particulate matter of such size as to cause engine
damage. However, the instant apparatus and method have a
variety of other applications; for example, they may be
used for checking the efficiency of dust removal equipment
used in certain environmental control systems (e.g.,
removal of fibers from the air in textile mills or removal
of dust in grain elevators) or for monitoring environ-
mental pollution by checking the levels of particulate
materials in waste gases such as flue gases, automobile
exhaust systems, cement kilns and power generation

plants. :
Internal combustion engines used to power tahks
and other vehicles require a large supply of clean air to
ensure maximum engine performance and engine life and to
reduce maintenance requirements. Air cleaning systems
have been developed which will remove 99% of the par-
ticulate matter which is drawn into the air intake system.
Such high efficiency air cleaning systems are multi-stage
units which include barrier type air filters. However, a
simple dust leak in the air cleaning system (caused by, for
example, accidental perforation of one of the air filters)
can negate the effectiveness of the system. The vehicle
operator must know when such a leak occurs so that he can
shut off the engine and take steps to correct the leak
problem before irreparable damage is done. This problem
is especially of concern on military tanks equipped with
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'gas; turbine engines which are highly susceptible to damage
by dust in the air under some operating conditions. Also,
problems with excessively dusty air may be encountered in .
‘other internal combustion engines equipped with turbo
chrar.gerSs A reliable dust detection system can also be
valuable on any engine and on many other sYstems where
filters are used to remove dust from the air, either to

'provide a 'supply of clean air for a particular device or
“area or to control dust emissions from a manufacturing
operation or power generation system. .

Several systems have been devised for measuring
the concentration of particles in a gas. One such system
is described in our U.S. Patent 4,312;180 issued January
26, 1982. This apparatus passes particulate~carrying gas
past first and second electrically ‘conductive members
spaced apart in a first region so as to prbvide a potential
gradient in part of the region between the first and second
members of at least about 30 kilovolts per centimeter. The
first and second members thus form a corona and produce
ions that charge a substantial proportion of the particles
in the gas. Third and fourth electrically conductive

Vm'embers are spaced dpart in a second region downstream
from the first region and an electrical potential is
appliéd between the third and fourth members so as to
provide a potential gradient of substantially less than 30
kilovolts per centimeter therebetween. The charged par-'
ticles produced in the first region are attracted to
either the third or fourth electrically conductive member
-and there released their charge so that the current
flowing from the third and fourth electrically conductive
members measures the concentration of particulate matter
in the gas. . , |

Another prio~r art apparatus for measuring the

- concentration of particles in a gas is described in U.S.
Patent 3,679,973 issued July 25, 1972 to N. S. Smith,
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et.al. In this prior art apparatus, the particulate-
carrYing gas is passed through a narrow throat, within
which is located an ionizer which serves to charge the
particles in the gas in substantially the same way as the
first and second electrically conductive members in our
own prior art apparatus described above. The air carrying
the particles thus charged emerges from the throat into a
wider duct, thereby reducing the rate of flow of the gas
along the duct. The walls of the wide duct are formed of
a plurality of cylindrical, electrically-conductive mem-
bers insulated from one another and each connected to a
separate current measuring device. The reduction in flow
velocity along the duct permits the particles to move
radially of the duct onto the electrically-conductive
members forming the walls of the duct, where they give up
their charge to the electrically-conductive members,
thereby causing a current flow through each measuring
device. By measuring the current \flow through the various
current measuring devices, the concentration and size of
the particles in the gas flow can be measured. This prior
art apparatus is complicated; the specific apparatus
shown in the drawings of the patent requires four separate
electrically-conductive members with associated insula-
tors therebetween, four measuring devices and the voltage
source necessary to charge the particles in the throat.

' A further apparatus for measuring the concen-
tration of particles in a gas is described in our co-
pending application of even date herewith entitled "Appa-
ratus and Method for Measuring the Concentration of Par-
ticles in a Gas™, the disclosure of which is herein incor-
porated by reference. This co-pending application de-
scribes apparatus having a conduit defined by electri-
cally-conductive walls and through which the gas can flow,
an electrode protruding into this conduit and insulated
from the walls of the conduit and current measuring means .
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electrode. The electrode and the con@tit member are
~maintained at substantially the same potential. The flow
of particulate-carrying gas élong the conduit causes a
current to flow from the electrode through the current

| meésuririg means or puise counting means, the magnitude of

this current (or the pulse rate therein) measuring the
concentration of particles in the gas. 7

These three types of prior art apparatus de-
scribed above all rely upon measuring electrical charge
upon the particles in the gas. Other types of prior art
apparatus for measuring concentration of particles in a
gas include light scattering monitors and densitometer-
‘type smoke meters. |

Most of the aforementioned types of prior art
apparatus for measuring the concentration of particles in
a gas suffer from the disadvantage that they do not
distinguish between large and small particles in the gas.
Most engines and many other gas-usihg' devices can tolerate
the presence of very small particles (such as those found
in mahy smokes) but are highly susceptible to damage by
relatively large particles (typically those exceeding 5
microns in diameter). Thus, if one fits an engine or
similar gas-using device with an apparatus for measuring
the concentration of particles in the air entering the
engine or other device and this apparatus does not dis-
tinguish between large and small particles, the particle-
measuring apparatus will yield a considerable number of
"false alarms”™ when the incoming air contains small par-
ticles which are sufficient to actuate the particle-
measuring apparatus but which ﬁould not actually be harm=-
ful to the engine or other device. Such false alarms are
obviously undesirable since they unnecessarily increase <
the down time of the engine or other device and may result
in unnecessary maintenance costs. This problem of false
alarms is exacerbated by the fact that the air filtration
system of an engine or other device which is not harmed by
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very small particles will often, in order to present as
little resistance to air flow as possible, be designed so
that such very small particles pass the air filtration
system and only the larger, potentially damaging par-
 ticles are retained by the system. Furthermore, most
particle-measurifig systems which rely upon measuring the
electrical charge upon the particles in the gas are
especially susceptible to giving false alarms caused by
very small particles, since small particles tend to ac-
quire a much larger charge relative to their mass than
large particles. Although the apparatus described in the
aforementioned U.S. Patent 3,679,973 is capable of meas-
uring the size of particles in a gas flow, it is, as
already mentioned, a highly complex apparatus, and the
complicated calculations necessary to determine particle
sizes using this apparatus render it entirely unsuitable
for routine use in applications such as motor vehicles.
Light scattering types of particle monitors do possess
some capacity to distinguish different size particles,
but tend to be insufficiently robust for use in appli-

cations such as motor vehicles.
It will thus be seen that there is a need for a

simple, robust apparatus for measuring the concentration
of large particles in a gas which can distinguish such
large particles from much smaller particles. This inven-
tion seeks to provide such an apparatus.

Summary of the Invention
The invention provides apparatus for measuring

the concentration of large particles in a gas comprising
triboelectric charging means for effecting triboelectric
charging of the large particles in the gas and charge
measuring means for measuring charges on the particles in
the gas after the gas has passed the triboelectric charg-
ing means. ‘

' The invention alsoc provides a method of meas-
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uring the concentration of large particles in a gas
‘comprising passing the gas through a triboelectric charg-
ing means, thereby effecting triboelectric charging of
the large particles in the gas and there-after measuring
the charges on the particles in the gas. .
The term "triboelectric charging means® is used '

herein in its conventional sense in the art to mean any
device which will cause charging of particles in the gas

by friction resulting from contact between such particles

and solid surfaces of the triboelectric charging means.

For reasons explained below, triboelectric charging means

are more effective in éhargiﬁg large particles than small
particles and thus the instant apparatus and method are

able to measure the concentration of large particles in

the gas without excessive interference from the presence

of small particles therein.

Brz.ef Description of the Draw:.ngs

7 Fig. 1 is a highly schematz.c sectz.on through a

First apparatus of the invention; :
Fig 2. is a highly schematic section through a

second apparatus of the invention; and

| Fig. 3 is a partial circuit diagram of the

current measuring device shown in Fig. 1l. '

Detailed Description of the Invention

As already mentioned, the apparatus and method

of the invention are capable of measuring the concen-

~ -tration of large particles in a gas despite the presence
of smaller particles therein. As will be seen from the
‘detailed discussion of the triboelectric charging mecha-
nism é‘iiren below with reference to Fig. 1, triboelectric
chatging does not suddenly cease to charge particles at
one specific particle size, but the charging effected does
decrease rapidly with decreasing particle size. Further-
more, the rate of decrease in triboelectric charging with
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decreasing particle size will vary somewhat depending
upon the exact type of triboelectric charging means em-
ployed. Thus, no precise lower size limit can be specified
for the large particles, the concentration of which is
measured by the instant apparatus and method. However, a
typical appardtus of the invention such as might be
employed in the air intake system of a vehicle engine will
measure the concentration of particles having diameters
in excess of about 5 microns and will, for practical
purposes, ignore particles having diameters less than
about 2 microns.

The charge measuring means of the instant appa-
ratus may have the form of either a current measuring means
or a pulse measuring means. Although the two variants of
the invention using current measuring means and pulse
counting means respectively are very similar in con-
struction, their respective modes of operation are some-
what different and they will therefore be discussed sepa-
rately below. The form of the instant apparatus using a
pulse detecting means (hereinafter referred to as the
"instant pulse counting apparatus") does not rely upon the
particles actually contacting an electrode and giving up
their charge to the electrode, unlike the prior art
apparatus mentioned above; instead, in the instant pulse
counting apparatus charged particles approaching the
electrode induce a charge on the electrode which can be
measured be a sensitive electrometer. As the charged
particle passes the electrode, the induced charge on the
electrode will be approximately equal to the charge on the
particle and the induced current in the electrometer will
drop to zero. Finally, once the charged particle has
passed the electrode, the induced charge on the electrode
begins to diminish and eventually drops to zero, thereby
producing a current through the electrometer in the oppo-
site direction to the current produced as the particle
approaches the electrode. Thus, each separate charged
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particle or group of charged particles pro'duce'tworpulses
of opposite polarity as they pass the electrode, and these
pulses can be measured by conventional electronic pulse :
measuring circuif to indicate the concentration of dust in
the gas stream. '
B ‘However, one potentially serious disadvantage
of the instant pulse counting apparatus is that a cloud of
dust bearing substantially uniform charges will produce
only a single Vpuls'e as the leading edge of the cloud first
approaches the electrode and a single pulse as the trail-
ing edge of the dust cloud leaves the electrode. Thus, to
aécurately measure the concentration of dust particles in
‘a gas stream containing many such particlés  the pulse
counting means may be- requiréd to be of a :réelatively
complicate'd' type which can take account not only of the
number of pulses generated but also of the interval
between the two spaced pulses of opposite polarity pro-
duced by a dust cloud, with some form of integration device
to calculate the ‘total number of dust particles passing
the electrode in such a cloud. Fortunately, if the instant
pulse counting' apparatus is only to be used to detect
failure of a filter arrangement in.a vehicle air intake
system, such refinements may be unnecessary; dust clouds
of uniform charge concentration are comparatively rare,
- the charge concentrations within such a dust cloud tending
to vary and thus produce inany pulses, -so that if the
apparatus is énly to be used on a "yes/no basis" .to detect
failures in the air filtration system of a vehicle,
relatively simple pulse detecting means should normé.lly
yield sufficiently good information. .
- The baseline output of the electrometer circuit
used for detecting the pulses in the instant 'rpulse count-
ing apparatus steadily drifts in the same direction as the
charge on the particles. When the electrometer circuit is
modified so as to filter out the relatively high frequency
pulses (thereby effectively converting the electrometer
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circuit to a current measuring circuit), it is found that
the current measuring circuit shows a steady current
dependent upon the large particle concentration in the gas
stream. It appears that, although the instant apparatus
does not employ any strong electric field such as that
employed in our aforementioned earlier U.S. Patent
4,312,180 to force particles into contact with the de-
técting electrode, the space charge field produced by the
charged particles passing along the conduit is sufficient
to force the charged particles toward the walls of the
conduit and to deposit them upon the electrode. This form
of the apparatus of the invention, which employs a pulse
measuring means rather than a pulse counting means, will
hereinafter be referred to as the "instant current meas-
uring apparatus®™ and is presently the preferred form of
this invention.
The triboelectric charging means used in the
instant apparatus can be of various types. This tri-
boelectric charging means may have the form of a conduit
member having walls defining a conduit through which the
gas can flow, at least part of this conduit being curved.
Thus, to incorporate the instant apparatus into an air
intake system of an engine which already has a curved
conduit member in its air intake, it is only necessary to
install an appropriate charge measuring means downstream
of the curved conduit member. Alternatively (or in
‘addition) the triboelectric charging means may comprise a
conduit member having walls defining a conduit through
. which the gas can flow and a rotatable member, for example
-a fan or other similar gas impelling device, disposed
within this conduit. In particular, the impeller of a
turbocharger functions as an effective triboelectric
charging means. Thus, to provide the air intake system of
a turbocharged engine with an apparatus of the invention,
it is only necessary to install a charge measuring means
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between the impeller of the existing turbécharger and the
engine itself.

The charge measuring means of the instant appa-
ratus can be any device which is effective to measure the
concentration of charge in a gas flow. For example, the
charge measuring means may be of the form described in our
aforementioned U.S. Patent 4,312,180, or of the type
described in our aforementioned copending application
Serial No. 490,534; Figs. 1, 2 and 3 illustrate the latter
type of charge measuring means. Those skilled in the art
will be aware of other types of charge measuring means
which can also be used in the instant apparatus and method.

In order for the instant apparatus to accurately
measure the concentration of large particles.in the gas,
it is of course necessary that the charges measured by the
charge meaSuring means be substantially those placed upon
the particles by the triboelectric charging means. We
have found that often natural dust and similar particles
already bear substantial charges and thus unless these
natural charges are neutralized before the particles
enter the triboelectric charging means, the readings from
the charge measuring means will be inaccurate. Ac-
cordingly, the instant apparatus preferably includes a
charge neutralizing device for neutralizing pre-existing
charges of particles in the gas before the gas passes the
triboelectric charging means, this charge neutralizing
device conveniently being an alternating current ionizer.

As already mentioned, the instant apparatus may
be used in an air filtering system to check that the
filtering system is performing properly. “Thus, the in-
stant apparatus may include a filter for removing par-
ticles from the gas flow before the gas flow passes its
electrcde. The instant apparatus may also comprise a gas

- receiving device which receives the gas flow after the gas
flow has passed the charge measuring means and current
response means for preventing damage to the gaé receiving
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device whenever the charge passing the charge measuring
means exceeds a predetermined value. Such a current
response means may typically take the form of a servo-
mechanism responsive to the charge measuring means and
arranged to take action to prevent damage to the gas
receiving device whenever the charge measuring means
indicates the presence of a predetermined concentration
of particles in the gas flow past the electrode. For
example, when the gas receiving device is an engine, the
current response means may typically comprise a valve for
blocking the flow of gas from the electrode to the engine
and may also-include means for stopping the engine, e.g.,
by interrupting the high tension current in the case of an
engine relying upon spark ignition, or by interrupting the
fuel supply in the case of a diesel engine. It is
desirable that the current response means also include
means for providing a warning signal such as a visible or
audible alarm; when the instant apparatus is being used in
a vehicle, it is of course desirable that a visible alarm
be placed on the dashboard adjacent the normal instruments
so that it will be readily visible to the driver.

Where the instant apparatus is employed in an air
intake system with a filter or other dust-removing device
which is subject to failure, and the charge measuring
means employs an electrode projecting in the air stream,
upon failure of the filter the gas containing a very large
concentration of particles may pass the electrode, with
the risk that substantial quantities of particles maiz be
deposited upon the electrode. Although the quantity of
dust particles deposited upon the electrode after a single
filter failure is not likely to greatly affect the opera-
tion of the electrode, after repeated filter failure, a
sufficiently large quantity of dust particles may be
deposited upon the electrode to reduce the sensitivity
and/or reproducibility of operation of the apparatus.
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Acsordingly, it is recommended that after ‘each filter
failu:e the electrode be inspected and, if necessary, 7
cleaned to insure proper 'cperation of the instant appa- ¥

- ratus. , ' ,

The first embodiment of the invention shown

_ schsmaticélly in Fig. 1 of the accompanying drawings is a
~vehicle air intake system. _.The apparatus (generally ’
designated 10) comprises a conduit member or pipe 12
formed of steel and having a conduit 14 through which air
flows from an air filter 16 to a gas receiving device,
~which in this case has the form of an engine 18. The pipe
12 has three sections, namely a straight, cylindrical
section 20 aajacent the air filter 16, a curved section 22
zlylng downstream of the section 20 and serving as the
triboelectric charging means of the apparatus, and a
straight, cylindrical section 24 lying downstream of the

- curved section 22 adjacent the engine 18. The section 20
of the pipe 12 is provided with an alternating current
ionizer comprising a needle 26 disposed axially within the
section of the conduit 14 lying within the pipe section 20,
a support member 28 which holds the needle member 26 in
position and which passes through the wall of the pipe
section 20, being insulated therefrom by an insulator 30,
and a source 32 of alternating current.

An electrode 34 is mounted in an aperture in the
wall of the thlrd section 24 of the pipe 20, by means of
a cylindrical msulator 36, which serves to electrically
insulate the electrode 34 from the metal wall of the pipe
12. The cylindrical wall of the insulator 36 is fixedly
attached to a cylindrical metal sleeve 38, which surrounds
the insulator 36 and bears an external screw thread. This
external screw thread engages a corresponding internal
screw thread within a cylindrical sleeve 40 welded to and
‘extending radially of the pipe section 24. The screw
thread engagement between the two sleeves 38 and 40
permits the electrode 34 to be readily removed from the

UR~AU
> cun \

v
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pipe section 24 when this is desirable for cleaning or
replacement of the electrode 34.

A wire 42 extends from the electrode 34 through
the insulator 36 to a current measuring device 44 located
outside the pipe 12, the side of the current measuring'
device remote from the electrode 34 is grounded by a line
46. The current measuring device 44 controls a current
response means in the form of a servomechanism 48 which is
arranged to close a butterfly valve 50 disposed within the
conduit 14 between the electrode 34 and the engine 18 when
the current through the current measuring device 44
exceeds a predetermined value. The current measuring
device 44 is also connected to a line 51, which can be used
to shut down the engine 18, e.g., by interrupting an
ignition circuit therein, and to a warning lamp 52 dis-

-posed in the dashboard of the vehicle on which the appa-
ratus is mounted. The pipe 12 is itself grounded by a line
54. '

The charge measuring means located within the
pipe section 24 has the form shown in Figs. 1 and 2 of our
aforementioned application Serial No. 490,534, Thus, the
electrode 34 has the form of an elongate, cylindrical rod
approxiinately equal in length to the radius of the cylin--
drical conduit 14 and extends radially of this conduit
(i.e., perpendicular to the gas flow along the conduit 14)
so that the free end of the electrode 34 lies approximately
on the axis of the conduit 14 within the pipe section 24.
‘The electrode 34 is provided with a substantially rec-
tangular cut-out extending radially therethrough in a
direction parallel to the air flow along the conduit 14.
We have found that this form of electrode gives good
sensitivity without offering substantial resistance to
air flow along the air conduit 14.

In addition, the fofm of the electrode 34 means
that only a small aperture has to be cut in the wall of the
pipe 12 in order to install the electrode in the pipe. In
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theory, this might suggest that an existing vehicle's
system could be retrofitted with an apparatus of the
invention merely by cutting the small aperture necessary s
for insertion of the electrode 34 into some part of the
- existing air intake system without dismantling that sys-
tem. However, we specifically do not recommend attempt'ing
to install an electrode in an existing air intake system
without dismantling the system since there is a very grave
risk that cutting the necessary aperture in the system
~ will leave small metal particles within the system, and
‘such small metal particles may eventually be swept by the
air flow through the system into the engine or other gas-
consuming device, with potentially disastrous results.
Accbrdingly, if the instant apparatus is to be retrofitted -
into an existing air intake system, we recommend that the
component of the system in which the electrode is to be
installed be removed from the system before cutting the
necessary aperture therein. Care should be taken to
remove any metal or other filings resulting from the
cutfing of the aperture before the component is reassem-
bled into the air intake system. However, the form of the
electrode 34 may be useful where it is desired to offer the
instant apparatus as an optional extra on, for example,
motor vehicle. The air intake system can be produced with
'th,e app::opr:.ate small aperture (and, if desired, with the
sleeve 38 already fixed in the appropriate part of the air
intake system). Thereafter, the vehicles may be Supplied
~with the apparatus already installed, or simply with a
plug closing the appropriate aperture, this plug being
 readily removable if it is desired to retrofit the vehicle )
- with an electrode. | , |
- The apparatus 10 operates as follows: when the
eng:.ne 18 is operating, air is drawn through the f:.lter le.
and along the conduit 14 As the air flow passes the
needle member 26, the ions of both charges emitted from the
needle member 26 neutralize substantially all charges on
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the incoming particlés. After this neutralization, the
~ air and the entrained particles pass through the curved
pipe section 22 where the larger particles are tribo-
electrically charged. The mechanism of this triboelec-
tric charging may be seen by considering the particle
paths S and L in Fig. 1, these paths S and L representing
typical tracts for a small and a large particle respec-
tively. As shown in Fig. 1, the small and large particles
follow the same straight track along the conduit 14 within
the pipe section 20. However, when the conduit 14 curves
within the curved pipe section 22, two opposing forces act
on the particles, namely the frictional forces imposed by
the gas flow (which tend to make the particles follow a
curved path following the curve of the pipe section 22) and
inertial forces (which tend to make the paticles follow a
straight path parallel to the axis of the pipe section 20).
In the case of the small particle, the ratio of frictional
to inertial forces is relatively large, so the small
particle travels along the track S essentially following
the movement of the air surrounding it and does not come
into contact with the walls of the curved pipe section 22.
On the other hand, in the case of the large particle, the
ratio of frictional to inertial forces is much smaller,
and the inertial forces tend to prevail so that the
particle proceeds substantially parallel to the axis of
the pipe section 20 and eventually collides with the outer
wall of the curved pipe section 22, as shown by the track
L. After one or more collisions with the outer wall of the
pipe section 22, the momentum of the large particle
parallel to the axis of the pipe section 20 will be
destroyed and thus the large particle will finally travel
down the pipe section 24 past the electrcde 34. However,
the collisions between the large particle and the walls of
the curved pipe section 22 will cause friction between the
particle and the wall, resulting in triboelectric charg-
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ing of the large particle, which will thus be charged as
it passes the electrode 34. |
- Accordingly, notwithstanding the neutralization
of all preexisting charges by the ionizer assembly, the
air flow past electrode 34 will contain charged large
particles which have undergone triboelectric charging in
the curved pipe section 22. The flow of air containing the
- charged large particles along the conduit 14 past the
electrode 34 creates a flow of space charge within this
conduit and this space charge deposits charged particles
on the electrode 34, thereby causing a current flow from
the electrode 34 through the current measuring means 44
and the line 46 to ground; however, for the reasons
discussed above, this current will be determined only by
the concentration of the Iarge particles in the air flow
since the small particles are not subject to triboelectric
charging. While the filter 16 is operating normally, the
current passﬁ'.ng through the current measuring means 44

L

will remain below a predetermined level and the servo-
mechanism 48 will keep the valve 50 in the open position
shown in Fig. 1 so that air flow to the engine 18 is not
interrupted. If, however, for any reason (e.g., per-
foration of the filter 16) the concentration of large
particles in the air flow along the conduit 14 becomes too-
great, the current passing through the current measuring
means 44 will exceed a predetermiried value. When the
current measuring device 44 registers this excessive
current, it sends a signal to the servomechanism 48 which
closes the valve 50, thus cutting off the flow of dirty air
to the engine 18 before the engine can become damaged. In
addition, the current measuring device 44 sends a signal
along the line 51 to shut down the engine in any appro-
priate manner. Finally, the current measuring device 44
causes a current flow through the lamp 52 thus illumi-
nating this lamp and advising the driver of the vehicle
that the filter 16 has failed.

k7]
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It will be appreciated that, when the instant
apparatus is being used in certain types of vehicles (for
example, highway trucks), the sudden shutdown of the
engine 18 just described could be dangerous. Accordingly,
when the engine 18 is of a type which can tolerate a short
period of operation on dusty air without significant
damage, it may be desirable to use a form of current
measuring device 44 which gives an instant warning of
failure of the filter 16 (by illuminating the lamp 52), but
does not interrupt the air flow to the engine for a limited
period (for example, 30 seconds), thus giving the driver
a periocd in which to stop the vehicle without the engine
being shutdown. '

The second embodiment of the invention shown
schematically in Fig. 2 uses the same type of filter,
ionizer and charge measuring means as the first embodiment
shown in Fig. 1. (The servomechanism, valve, engine
control line 51 and warning lamp are omitted from Fig. 2
for the sake of simplicity.) However, in the embodiment
shown in Fig. 2 the engine 18 is turbocharged and the
triboelectric charging means comprises the compressor 70
of the engine turbocharger. It will be apparent to those
skilled in the art that because of the rapid rotation of
the turbocharger within the air flow, the compressor 70 of
the turbocharger will effect triboelectric charging of
the large particles in the gas in the same manner as the
curved pipe section 22 of the apparatus shown in Fig. 1.
Indeed, in most cases a turbocharger compressor will be
considerably more effective in triboelectric charging
than a curved section of an air intake pipe. It will also
be apparent that the apparatus shown in Fig. 2 can be
retro~-fitted relatively easily to an existing turbo-
charged engine air intake system, since it is only neces-
sary to cut small apertures in the existing air intake
ducts to install the ionizer assembly and electrode.
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Fig. 3 shows a partial circuit-diagram of the
current.measurihg'device 44 shown in Figs. 1 and 2. Fig.
3 shows the amplifying part of the current measuring
device connected to a bar graph light emitting dicde (LED)
‘array which provides a visual indication of the current
passing through the current measuring device and which
can, if desired, be provided instead of or in addition to
the warning lamp 52. The switching circuits necessary to
activate the servomechanism 48, the warning lamp 52, and
the engine control line 51 are not shown in Fig. 3 since
they are entirely conventional and appropriate circuits
will readily be apparent to those skilled in the art.

The circuit shown in Fig. 3 is powered from a 24v
D.C. supply applied between a positive supply line 100 and
a return line 102. The lines 100 and 102 are connected,

~ via a four-pin connector 104, to pins 1 and 14 respectively
of a voltage stabilization circuit 106, which -is an
Integrated Circuits DIP 24 1212DB integrated circuit.
This integrated circuit produces a +12V output on its pin
6 which is connected to a positive supply line 108, a =12V

~ output on its pin 7 which is connected to a negative supply-

line 110, and a common or ground output at its pin 9 which
is connected to a ground line 112. A smoothing capacitor
Cl is connected between the positive supply line 108 and
the ground line 112, while a second smoothing capacitor C2

- is similarly connected to the negative supply line 110 and

_ the ground line 112. '

i

The input to the current measuring device from
line 28 (Fig. 1) is received at a socket 114, one terminal
of this socket being connected via a resistor Rl to the :
negative input (pin 2) of an integrated circuit Ul. (To
provide the necessary input impedance, resistor Rl pre- i
ferably has a value of the order of 1010 ohms.) This
integrated circuit Ul is an Intersil ICH 8500 ACTV ampli-
fier circuit, which is an electrometer amplifier circui#
having a very high input impedance. The positive input
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(pin 3) of integrated circuit Ul and pin 8 thereof are
connected directly to the ground line 112, pin 4 is
connected directly to the negative supply line 110, and
pin 7 directly to the positive supply line 108. A
capacitor C3 is connected between pins 7 and 8 (thus
bridging the positive supply and ground lines 108 and 112
respectively) while a further capacitor C4 is connected
between pins 4 and 8, thus bridging the negative supply and
the ground lines 110 and 112 respectively. Finally, pins
1 and 5 of integrated circuit Ul are bridged by resistance
R2, which forms a part of a potentiometer, the movable
terminal of this potentiometer being connected to the
negative supply line 110.

The output from integrated circuit Ul appears at
pin 6. A variable feedback loop is provided for integrated
circuit Ul, the output from pin 6 of Ul being supplied to
a three-position switch Sl which can be used to place any
one of three different resistors R3, R4 and R5 in series
with resistor Rl between pins 6 and 2 of integrated circuit
Ul. By selecting different ones of the resistors R3, R4
and R5, the range of current measured by the circuit can
be varied. The output of pin 6 of Ul is also supplied via
a resistor R6 to a line 116 which is connected to the
removable terminal of a two-position selector switch S2a.
This switch can be used to place one of the two resistors
R7 and R8 in series with R6. The common output of R7 and
R8 is connected to a common input of two resistors R9 and
R10, one of which can be selected by a switch S2b which is
ganged with S2a so that either R7 or R9 or R8 and R1l0 can
be placed in series with R6. The output from switch S2b
is conveyed by a line 118 to a positive input (pin 3) of
an integrated circuit U2. Capacitors C5 and C6 connect the
ground line 112 to the lines 116 and 118 respectively;
thus, C5 and C6 together with the resistors R7/R8 and
R9/R10 respectively, form two RC circuits which effect
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low-pas-s filterihg of the output from Ul béfore it reaches
u2. - | |
The integrated circuit U2 aétuallly comprises e
one-half of a Texas Instruments TLO 72 double linear
- amplifier integrated circuit, the other half of this ®
double amplifier being the integrated circuit U3 de~
scribed below. As is conventional, power supply connec-
tions to the double amplifier are only shown on one of the
amplifier components, in this case U3. To provide a
variablernegative input for U2, resistors R11l, R12 and R13
are arranged in series as a voltage divider between the
positive and negative supply lines 108 and 110 respec-
tively and an appropriate voltage which can be varied by
the operator, is tapped from R12 and fed via a resistor R14
to the negative input (pin 2) of U2. This tapping of the
variable voltage from R12 enables the amplifier U2 to be
adjusted for any offset on the incoming signal due to e.g.,
small leakage currents even when no dust is present in the
air flowing along the conduit 14 (Fig. 1). The output of
U2 appears at pin 1 thereof and, to establish appropriate
feedback, this output is fed via a resistor R15 to pin 2
thereof and via a capacitor C7 to the common input of
resistors R? and R10. The output from pin 1 of U2 is also
fed to the movable terminal of a five-position selector
switch S3, which places one of five different resistors
- R16, R17, R18, R19 and R20 between the output of U2 and a
line 120 connected to the positive input (pin 5) of the
aforementioned integrated circuit amplifier U3. Aan RC
circuit comprising a capacitor C7 in parallel with a
resistor R21 is connected between the line 120 and the
ground line 112. The negative input (pin 6) of U3 is
connected via a resistor R22 to the ground line 112. The
positive and negative power supply inputs, pins 8 and 4
respectively, of U3 are connected to the positive and
negative supply lines 108 and 110 réspectively; those 'pins




WO 84/04389 PCT/US84/00631

- 21 -
respective'ly to the ground line 112. The switch S3 and the
associated resistors R16/R20 allow adjustment of the
overall gain provided by the amplifiers U2 and U3.

The output from U3 appears at pin 7 thereof. To
provide proper feedback, this output is fed back via an RC
circuit comprising a capacitor Cl0 connected in parallel
with a resistor R23 to the negative input (pin 6) of U3.
The output from U3 is also fed via a signal line 122 and
the 4-pin connector 104 to a bar graph LED array 124, which
is of the commercially available National Semiconductor
Model NSM 3914 types. A signal return line 126 from the
array 124 is connected by the 4~-pin connector 104 to the
ground line 112.

It will thus be seen that the circuit shown in
Fig. 3 provides a three-stage amplification of the incom-
ing signal from the socket 114, these three stages of
amplification being effected by the integrated circuits
Ul, U2 and U3 respectively. The circuit provides for
adjustment of range, offset, and gain by means of the
switch S1, the variable ﬁmltage applied to the negative
input of .amplifier U2, and the switch S3 respectively and
also provides for filtering of the incoming signals by the
RC circuits formed by the capacitors C5 ‘and C6 in asso-
ciation with the resistors R7/R8 and R9/R10 respectively.
Thus, the circuit shown in Figure 6 converts the very small
currents, of the order of 1012 to 1013 amps. flowing
through the resistor Rl and the socket 114 to a varying
voltage on line 122 sufficient to drive the LED array 124.

- The circuit shown in Fig. 3 is an experimental
prototype and is deliberately provided for variable
range, filter and gain settings in order to enable it to
be used with a variety of types of apparatus of the
invention. Those skilled in the art will appreciate that
production models of such a circuit, intended only for use
with one particular type of electrode in a specific
vehicle or other environment, will not normally require
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such variability, thus permitting considerable simplifi-
cation of the circuitry; in such an invariable production

model, a single resistor could replace the resistors R3,
- R4 and RS and the switch S1, a second single resistor could '
replace the switch S2 and the resistors R7, R8, R9 and R10, 1

‘while a third single resistor could replace the switch S3
and the resistors R16~R20.

Although the circuit shown in Fig. 3 has been
described above as a current measuring circuit, it can
readily be modified to act as a pulse detecting cxrcu::.t
merely by chang:.ng the values of certain components. As
will be appreciated from the description given above as to
mode of operation of both the pulse counting and current
measuring types of the instant apparatus, the current
actuaily induced in a line connecting the electrode 34
(Fig. 1) to ground will be the same in both cases, the
signal comprising a direct current caused by the depo-
sition of charged particles on the electrode, but super-
impo'sed' upon this direct current will be "spikes" or
pulses produced by induction of the charges on the elec-
trode as dust particles pass the electrode 34 without
being deposited thereon. Thus, a current measuring cir-
cuit used in the instant apparatus should be equipped with
a low-pass filter with a cut-off frequency sufficiently
low to eliminate the pulses in the incoming signal; in
practice, this cut-off frequency is perferably about lHz.
In the circuit shown in Fig. 3, a cut-off frequency of
about 1Hz. can be achieved by using resistors R8 and R10
of about 1 megaohm, giving C5 a value of 2.2 microfarad and

' capacitor C6 a value of 1 microfarad. In fact, the cut-
off frequency of the circuit shown in Fig. 3 is in practice
regulated not only by the RC circuits formed by the capaci-
tors C5 and C6 together with the resistors R7-R10, but also
by the input resistor Rl. To provide a high input resis-
tance to the circuit, we prefer to make the resistor R1
about 1010 ohms, and such a resistor will have an mherent
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capacity of about 10 picofarad. Thus, reésistor Rl alone
acts as a filtering RC circuit with a cut-off frequency of
about 2 Hz.

Obviously, to modify the circuit shown in Fig.
3 so that it acts as a pulse counting circuit, it will be
necessary to raise the cut-off frequency of the circuit.
This may conveniently be done by reducing Rl to about 108
ohms, and reducing resistors R8 and R10 to about 100
kiloohms thereby raising the cut-off frequency to around
10 Hz. Those skilled in the art will also appreciate that
it will be necessary to pass the output from the circuit
shown in Fig. 3 to a conventional pulse counting device
rather than to a bar graph array.

The apparatus of the invention is small, rugged,
relatively insensitive to vibration, requires little
power and is able to distinguish between large and small
particles in the gas flow, thus avoiding false alarms due
to very small particles which will not harm a gas-using
device attached thereto.

It will be apparent to those skilled in the art
tht numerous changes and modifications can be made in the
preferred embodiments of the instant apparatus and method
already described without departing from the scope of the
invention. Accordingly, the foregoing description is to
be construed in an illustrative and not in a limitative
sense, the scope of the invention being defined solely by
the appended claims.
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WE CLAIM:

1. Apparatus for meésuring the conceritration of
large particles in a gas comprising:

a charge neutralizing device for neutralizing
pre-existing charges on particles in said gas;

a triboelectric charging means for effecting
triboelectric charging of said large particles in
said gas after said gas has pasééd said charge neu-
tralizing device; and o -

charge 'measuring means for measuring charges on
particles in said gas after said gas has paésed said
triboelectric charging means. '

2. Apparatus according to claim 1 wherein said

triboelectric charging means comprises a conduit

- member having walls defining a conduit through which

said gas can flow, at least part of said conduit being
curved.

3. Apparatus according to claim 1 wherein said
triboelectric charging means comprises a conduit
member having walls defining a conduit through which
said gas can flow and a rotatable member disposed
within said conduit.

4, Apparatus according to claim 3 wherein said
triboelectric charging means comprises a turbocharg-
- er. '

5. Apparatus according to claim 1 wherein
charging neutralizing device comprises an alterna-
- ting current ionizer.
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6. Apparatus according to claim 1 wherein said
charge measuring means comprises:

a conduit member formed of electrically-con-
ductive material and having walls defining a conduit
through which said gas can flow;

an electrode at least part of which is disposed
within said conduit;

an insulator disposed between said conduit mem—
ber and said electrode, thereby electrically insu-
lating said electrode from said conduit member;

current measuring means electrically connected
to said electrode; and

potential maintaining means for maintaining
said conduit member and said electrode at substan-
tially the same potential.

7. Apparatus according to claim 7 wherein said
potential maintaining means comprises a connection
between said conduit member and ground and a con-
nection between said current measuring means and
ground such that current from said electrode will flow
through said current measuring means to ground.

8. Apparatus according to claim 7 wherein said
electrode has the form of an elongate rod extending
part-way across said conduit in a direction sub-
stantially perpendicular to the flow of gas there-
along.

9. Apparatus according to claim 9 wherein said
electrode has the form of a cylinder having its axis
substantially perpendicular tc said flow of gas, said
cylinder having walls defining an aperture passing
through said cylinder in a direction substantially
parallel to said flow of gas.
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10. Apparatus accordlng to claim 1 whez:e:.n sald

- charge measuring means ‘comprises:

a conduit member formed of electncally-con-
ductive material and having walls defining a cor;du:.t
through which said gas can flow;

an electrode at least part of which is disposed -

within said conduit;

an insulator disposed between said conduit mem-
ber and said electrode, thereby electrically insu-
lating said electrode from said conduit member;

pulse counting means electrically connected to
said electrode; and _

potential maintaining means for maintaining
said conduz.t member and said electrode at substan-

tlally the same potentz.al

11, Apparatus according to claim 11 wherein said
potential maintaining means comprises a connection
between said conduit member and ground and a con-
nection between said current measuring means and

ground such that current from said electrode will flow

through said current measuring means to ground.

12. Apparatus according to claim 11 wherein said
electrode has the form of an elongate rod extending
part-way across said conduit in a direction sub-
stantially perpendicular to the flow of gas there-

aleng.

13. Apparatué according to claim 13 wherein said

 electrode has the form of a cylinder having its axis

‘substantially perpendicular to said flow of gas, said
cylinder having walls defining an aperture passing

through said cylinder in a direction substantially

parallel to said flow of gas.

[C4
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14, Apparatus according to claim 1 further com-
prising a filter for removing particles from said gas
before it enters said triboelectric charging means.

15. Apparatus according to claim 1 further
comprising a gas receiving device which receives said
gas after said gas has passed said charge detection
means and cut-off means for preventing damage to said
gas receiving device whenever said charge measuring
means indicates that the concentration of said large
particles in said gas exceeds a predetermined value.

16. Apparatus according to claim 16 wherein said
gas receiving device is an engine and said cut-off
means comprises means for preventing gas passing said
charge detectionfmeans from reaching said engine.

17. Apparatusdaccording to claim 17 wherein said
engine is provided with a turbocharger which serves
as said triboelectric charging means.

18. Apparatus according to claim 16 wherein said
cut-off means further comprises means for stopping
said engine.

19. Apparatus according to claim 17 wherein said
cut-off means further comprises means for providing
a warning signal.

20. A method of measuring the concentration of
large particles in a gas comprising: '

passing said gas through a triboelectric charg-
ing means, thereby effecting triboelectric charging
of said large particles in said gas; and

thereafter measuring the charges on particles in
the gas.
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21. A method according to claim-21 wherein said
triboelectric charging means comprises a conduit mem=-
ber having walls defining a conduit through which said
gas can flow, at least part of said conduit being
curved. '

22. A method according to claim 21 wherein said

triboelectric charging means comprises a turbocharg- '

er.

23. A method according to claim 21 further
comprising neutralizing any pre-existing charges on
particles in said gas before said gas passes said
triboelectric charging means.
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