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ABSTRACT

Particles in a fluid flow are concentrated by a combination of electrical charging
and focussing and passage through a virtual impact concentrator. The fluid Is
passed through an electrical charging section and an electrical focussing section
and then to a virtual impact concentrator. The majority of charged particles in a
selected size range are collected through a minor discharge passage exténding

axially from the virtual impact concentrator. The invention is particularly suitable

for sampling engine exhaust gases.
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PARTICLE CONCENTRATOR

Field of the Invention

The invention relates sampling of pollutants such as for sampling gasoline and
diesel emissions of engines or of ambient air. In particular, the invention relates
to an apparatus to concentrate fine particles in a fluid flow, for detection and/or

measurement thereof, and in particular though not exclusively to the concentration
of and collection of fine particulate material for chemical characterization of vehicle

emissions or the like.

Background of the Invention
For quality data to be obtained from chemical analysis of samples a significant

amount of material is needed, ideally 50 - 100 mg. Using current sampling
practices, a single atmospheric aerosol sample yields a sample size of about 300

Hg, typical diesel emission samples are about 2 mg and typical light duty gasoline

emissions samples are about 20 lg.

There are several approaches that can be taken for increasing the amount of

material collected for analysis.

High volume sampling using large filters (8" x 10") may lead to high blanks or
background concentrations due to the large amount of filter media. Using smaller
filters at the same high flow rate requires a greater pressure drop across the filter

and a corresponding loss of volatile material from the sample.

Multiple filters can be used to collect samples at a lower flow rate but this offers the

same risk of high blanks or background concentrations as high volume sampling.
Multiple samples can be collected simultaneously, requiring multiple sets of

sampling apparatus. [If multiple samples are collected sequentially, then the

sampled gas must be of a consistent composition, necessitating multiple repeats

of a vehicle test or an atmosphere that is not changing.
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Particle concentrators such as virtual impact-type concentrators have been used

in the past for inhalation exposure studies.

1. Sioutas et al. in Environmental Health Perspectives, 103, 2, 172-177, 1995
2. Sioutas et al. in Inhalation Toxicology, 7, 633-644, 1995
3. Sioutas et al. in J. Aerosol Sci., 28, 6, 1057-1071, 1977

These devices can achieve a 10 - 50 fold increase in particle concentration without
changing the composition of the matrix gas. There are two particle size cut-offs on
these concentrators. The upper size limit is imposed by a pre-selection stage that
allows only particles of a given size or smaller to pass into the concentrator. The
lower size limit is imposed by the design constraints of the concentrator itself: the
aerodynamics and geometry of the virtual impactors used in the particle
concentrator impose the lower size limit. Typically, the upper size cutis 10 ymor
2. 5 ym and the lower size cut is 0.1 to 0.15 uym diameter. Some work has been

done in collecting samples for chemical analysis using these concentrators.

The particle concentrators used for inhalation studies are designed specifically for
that purpose and are based on the observation that 90% or more of the mass of
inhalable ambient aerosol is accounted for by particles in the range of 0.1 to 2.5

Um diameter. The situation is different for mobile source emissions samples where
most of the mass is accounted for by particles in the range of 0.05 to 0.2 um

diameter and most particles are less than 0.1 Uym in diameter.

Several approaches have been used successfully for collecting samples of smaller
particles with impactors. The MOUDI™ and ELPI™ devices are cascade impactors
which rely on a very large pressure drop across the device to obtain mass
distribution information on particles between 0.03 to 10 ym diameter. These
devices operate at relatively low sampling rates so collection of sufficient material
for chemical analysis requires either multiple samples or long duration sampling.

The large pressure drop also results in loss of volatile material from the sample.
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The ELPI instrument charges particles and passes the sample stream containing

the charged particles through a cascade impactor. As the particles impact on the
stage of the impactor corresponding to their size, the electric current produced is
measured, giving real time particle size distribution data on the sample stream.
The lowest stage of the ELPI system detects particles 0.03 ym diameter and
smaller. However, this arrangement does not rely on electrostatics for separation.

Considerable prior art exists in which electrostatic separation is used for various
purposes. A typical example is Altman et al. U.S. patent 5,683,494, to a separator
for use in cleansing factory discharges. The apparatus comprises a cyclonic type
separator with an electrostatic charge imparted to the particles to enhance the

cyclonic effect.

Additional prior art exists in which a “vertical virtual impactor” type of separation

occurs. A typical example is Gondar U.S. patent 5,762,691, to a particulate

collection system to purify air in the vicinity of a power tool. Airis drawn into a tube

thereby forming a localized vacuum-induced aerodynamic fiuid flow in the vicinity
of the work piece. Particles are then precipitated by electrostatic forces.

Electrostatic separation arrangements are also known. Two commercial particle

sizing instruments using this approach are sold by TS! Incorporated - the ELPI™
and the SMPS/DMPS.™ '

The SMPS/DMPS instruments pass charged particles through a varying electric
fiéld. Only particles with a specific charge to mass ratio successfully traverse the
electricfield to be collected at the detector. This instrument also gives particle size
distribution information, but not in real time as it takes approximately one minute
to complete a size-range scan. The smallest size of particles that this instrument
can measure is 0.007 um diameter, approaching the division between molecule

and particle.
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summary and Objects of the Invention

An object of the invention is to provide an improved particle concentrator suitable

for sampling of vehicle emissions and ambient air (or atmospheric aerosols). It is
a further object to permit efficient sampling via a high concentration effect, while

also permitting retention of even small particles.

The present invention provides for the combination of two known arrangements to
provide an improved and more effective concentration and collection of fine

particulate material. The invention relates to the combination of charging of
particles and focussing by use of electric fields in combination with aerodynamics
to achieve particle concentration in the gas flow which has not been done

previously. The key difference is that the concentrated particles remain suspended

in a gas flow and are not electrostatically collected or removed from the gas flow.

The various features of the present invention are:

the use of an aerodynamic particle concentrator to achieve concentration
of particles in a gas stream;

the charging of the particles before they enter the particle concentrator: and

the use of electric fields to draw the smallest particles (0.15 um and
smaller), which would otherwise escape concentration by the aerodynamic

concentrator, into the concentrated flow.

A further feature is the potential decrease in particle loss to the walls due to
collisions as the particles can be focussed away from the surfaces of the

concentrator.

Various advantages occur from the invention, as follows:

The concentrator offers reductions in sampling time needed for collection of
sufficient material for chemical analysis, thus reducing the cost of sample collection

(reducing replicate sample collection or repeating of test sequences).
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The concentrator offers the possibility of increased temporal or diurnal resolution
of the analysis of samples collected of atmospheric aerosols. Currently, sufficient
material is collected in 24 hours for some analyses. By increasing the amount of
material collected on a single filter by a factor of 35, the temporal resolution could

be improved at least hourly, allowing diurnal changes in the chemical composition

of atmospheric aerosols to be studied.

Since the operation of the particle concentrator removes a large fraction of the

matrix gas, a large volume of gas can be sampled without having to draw the entire
volume through a filter. Thus, losses due to volatility are reduced.

Sampling artifacts, such as adsorption of gases by the filter media are reduced as
the volume of gas drawn through the filter is reduced.

Since a large volume of gas is sampled without having to draw the entire volume
through the filter, the inherent advantages of collecting this sample on a smaller

sized filter 'will be achieved.

The invention comprises a particle concentrator comprising, in sequence, a diffuser

section having an inlet and an outlet, a charging section including electrical

charging means for charging particles passing through the charging section, a
focussing section including electrical focussing means for focussing electrically
charged particles passing therethrough and to deflect the charged particles radially
inwardly towards the central air, a convergent section having a large end
connected to the focussing section and a smaller end, and a virtual impactor
particle concentrator connected to the smaller end of the convergent section. The
virtual impactor particle concentrator comprises a nozzle, a major discharge
passage extending laterally (radially) immediately after the nozzle and a minor
discharge passage extending axially after the nozzle. The minor discharge
passage is larger in diameter than the nozzle. The charged particles tend to

proceed along the central axis into the minor passage while carrying gas largely

aailng et i - B3 SRS M A LI N ST ML M EAATPALS L AT W7 0 4 L] MAIAERANAAD L i ks L Lk r L w B ba bl 1w Al P14 510 oo &P =5 1P e * WAl k0



10

15

20

25

30

1Yo 20, St r 5 FAIMEES wp LM chri . = P gt o H B L AT Tl ML 1 bt Thar s Bade: L otmar bl uber aindiagseimas g bl wp et spat

CA 02317830 2000-09-08

-6-

stripped of particulates passed into the major passage. In one embodiment, the
electrical charging means for electrically charging the particles comprises a
field/discharge system. In a further form of the apparatus, the field/discharge
system comprises a plurality of charging cells followed by a plurality of collection

cells. In a further arrangement, the apparatus includes electrical means for
focussing the charged particles in the form of a plurality of ring electrodes.

In yet another arrangement, the nozzle of the virtual impact concentrator comprises
a circular nozzle, with the major discharge passage forming an annular passage
extending around the nozzle, and including exit for means for passage of fluid

largely stripped of particles from the major discharge passage. In yet another
arrangement, the electrical charging means and the electrical focussing means are

each of a value to deflect at least the majority of particles in a predetermined range
of particle dimensions.

In a preferred arrangement, the predetermined range of particles is from about .01
Hm to about 10 ym.

A further aspect of the invention is a method of concentrating particles in a fluid
flow, comprising feeding the fluid flow through a diffuser, feeding the flow from the
diffuser through an electrical charging section and charging the particles in the
flow, feeding the flow from the electrical charging section through an electrical
focussing section and deflecting charged particles towards the central axis of the
charging section, feeding the flow from the focussing section through a convergent
section to a virtual impactor concentrator, deflected particles passing through a
nozzle of the concentrator and discharging the flow stripped largely of particles
laterally into a major discharge passage, while a concentrated stream of

particulates continues axially for downstream collection and sampling.

In a further feature, the method includes electrically charging and focussing the

particles to deflect at least a majority of particles in a predetermined dimensional
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Brief Description of the Drawings
Figure 1 is a longitudinal cross-section through one form of apparatus:

Figure 2 is an enlarged cross-sectional view of the discharge opening of the virtual

impactor of Figure 1 to an enlarged scale;

Figure 3 Is a cross-section on the line Z - Z of Figure 2;

Figure 4 is a diagrammatic cross-section, illustrating the flow pattern in a virtual
impactor as in Figures 1 and 2; |

Figure S illustrates diagrammatically the charging and collection cells of the

charging section;

Figures 6 and 7 illustrate the charging cells and collection cells of Figure 5 in more

detail;
Figures 8, 9 and 10 illustrate the focussing paths for three different particle sizes.

Figure 11 I1s a cross-section, similar to that of Figure 3, but for a rectangular

nozzle.

Detailed Description of the Preferred Embodiments
As seen in Figures 1 and 2, one form of concentrator in accordance with the

Invention comprises a diffuser cone section 10 having an inlet 12 for connection
to a fluid flow to be sampled. In the example the inlet 12 is approximately 5% cm
In diameter and the section 10 tapers outwardly to an‘exit end 14 approximately 12
cmdiameter. There follows a charging section 16 and a focussing section 18. The
section 18 Is connected to a conical section 20 which decreases to a throat or
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nozzle 22 at about 1 cm diameter. The length of section 10 is about 26 cm, the
length of section 16 is about 5 cm, the length of section 18 is about 21 cm and

section 20 is about 12 cm long.

A minor discharge passage 24 exits axially from thé nozzle 22 and an annular
major discharge passage 26 exits laterally from the nozzle. The nozzle diameter
as noted above is at X in Figure 2. The diameter of the minor discharge passage
24 1s about 1.125 cms. The major discharge passage 26 has a dimension Y

(Figure 2).

The dimension Y decreases radially outward from centre by kr', where k is a

constant.

Incoming fluid enters inlet 12 and flows through the diffuser section 10 and through
the charging section 16. In the section 16 are a plurality of corona wires 30 which
charge the particles in the fluid. From the charging section 16 the fluid and
charged particles flow through the focussing section 18. This section has a
plurality of ring electrodes 32. Electrodes 32 focus the charged particles in the
focussing section 20 radially inwardly to concentrate them along the centre axis.
In the focussing section 20 the flow is accelerated until it reaches the nozzle 22.
At the same time the charged particles move radially inward, the larger particles
deflecting more than the smaller particles, but with the final result that all, or at
least a very large majority, of the particles of sizes it is desired to collect or sample
are sufficiently close to the central axis that they pass straight through the impactor
to be collected downstream of passage 24. Excess gas flow is discharged through
passage 26 and is substantially depleted of particles.

Figure 4 is a diagrammatic illustration of some flow paths as can occur in the

arrangement of Figures 1 and 2.

As seen in Figure 3, an outlet 28 is provided from the major discharge passage 26
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for discharge to the outside.

As seen in Figure 1, the focussing section 18 includes an array of ring electrodes
32 (described in more detail below) which form a virtual “capture tube” having an
approximate radius of 0.3r (r = radius of focussing section 18) along the axis where
all particles within this tube transit the separator. This tends to focus the tiny
particles into this tube so that they are not lost to the major flow in the separator.

The dimensions of the various members of the impact concentrator, or separator,
that is the nozzle 22 dimensions and the sizes of the major and minor discharge

passages 26 and 24, depend upon various factors but predominantly on the

particular particle size or average particle size of a range which is to be collected.

Thus, if the design aerodynamic particle diameter size is fixed at a value of Dp (the
particle size associated with a 50% collection efficiency), the nozzle diameter can

be expressed as: D, = (constant) (E2222¥0)
St

P, = particle density
D, = particle diameter
V, = acceleration nozzle throat velocity

where D, equals the dimension X in Figure 2 and Sy is the critical Stokes number
and is approximately 0.75 - 0.79 for virtual impactors.

In Figure 4, the focussing section 20 is shown with a short straight section 20a
before the nozzle 22, this being a possible modification. Also in Figure 4 the major
discharge passage has a reducing dimension, as shown, to maintain a favourable
pressure gradient in the passage. This arrangement in Figure 4 illustrates paths
of five particle diameters with a cut-off diameter of approximately 3 um for the

particular system.

In Figure 4, the exiting flow boundary conditions establish a volumetric discharge
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of 10% in the minor discharge passage 24 and 90% in the major discharge
passage 26.

Efficient charging of the particles is important and there are several mechanisms
which can be employed, such as diffusion charging, field charging, ultraviolet
radiation charging and radioactive source charging. The various methods often
relate to a preferred particle size range wherein the particle charging is most
effective. Thus, diffusion charging and field charging, or a combination thereof is
most effective for particle diameters larger than 0.1 gm, but is noticeably less than
100% efficient for particles in the 0.01 ym diameter range.

In the present invention, the particle charging system is predominantly field
charging. A strong electric field - 10 - 20 KV/cm? - is used to strip electrons from
aerosol particles. Because of the field applied is generally strong enough for the
creation of a corona discharge, diffusion charging will to a degree be present
simultaneously.

The geometry of a typical particle precipitator unit is sketChed In Figure 5. The
precipitator consists of two sets of cells or plates 40, 42 located in aerosol flow.
Charging cells 40, located upstream, consist of alternating wires 44 at high DC
voltage, and plates 46 at ground potential perpendicular to flow. The plate surface
is aligned with the flow direction. The second set of collecting cells 42 are located
immediately downstream from the charging cells 40 and consist of alternating
plates at ground 48 and high voltage 50. The charging efficiency of a typical plate
cell, as used Iin such precipitators, is given in Figure 8 for three particle sizes: .1.0,
0.1 and 0.01 um. It is seen that the charge is acquired in a region very close to
high voltage wire and that the charging level decreases appreciably at the smallest
particle size. In fact, the charging efficiency is noticeably less than 100% for
particles as small as 0.01 ym.

Figures 6 and 7 illustrate diagrammatically, in more detail, the charging cells 40
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and collecting cells 42 of Figure 5.

A highly effective electrostatic focussing system is desired in view of the desired
acceptable particle cut off size - with a maximum of about 1.0 ym, and in view of
the difficulties associated with the charging of the smaller particles of interest - in
particulaf in the range 0.01 um tp 0.1 ym. Thus the possibility exists of singly
charged particles and charging efficiencies less than 100% in the lower particle
diameter range.

A major component is the axial through-flow velocity. An additional constraint is
the minimization of the fraction of concentrating aerosol particles adhering to or
captured by the focussing section walls or electrodes. The velocity is limited also
by the maximum field strength, which is in turn limited by the breaking/arcing limit,
for example in the range 1 - 2 X 10° volts per metre.

The focussing system comprises an array of ring electrodes 32 (seen in Figure 1)
placed inside the capture tube radius, that is 31.6% of the outer wall radius. These
rings are located inside the capture radius in the event that the particle sizes of
interest would not have adequate radial momentum to carry them inside the
capture radius if the focussing forces terminated further from the axis.

Figures 8, 9 and 10 relate to a duct gas velocity of 1.47 metres per second and
with a field E and a mobility Z of 1E6 and 1E-6 respectively. E represents electric
field strength used to focus particles into capture tube. Z represents the electrical
mobility of the particle (i.e. how it responds when put in an electric field). To
achieve the same mobility for two particles in which one is larger and one is

smaller, the larger one requires more charge. These figures are for three differing
particle diameters 2, 3 and 10 microns, and it will be seen that particle size has a

minimal effect on the trajectories. Thus particle mobility is the dominating feature,
not its mass. This is because particles so small have almost zero relaxation time.
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From these figures it will be seen that substantially 100% of the particles, of all
sizes, would be captured in.a collector of length less than 20 cms., with the stated

field and velocity. Figure 11 illustrates the effect of increasing the tube (focussing
section) radius to 8 cm from 6 cm at a mobility of 2 X 10”. The flow of velocity is

reduced to 0.83 metres per second, with the same section length of 21 cms. The
collection rate is about 44%.

The invention as described above and illustrated in the drawings, is particularly
intended for the sampling of exhaust gases of the vehicle and other engines. The
apparatus as illustrated in Figure 1 is dimensioned to match with the normal probe
tube located in the exhaust stream, sampling at a rate of 1000 litres per minute,
with an internal flow area of 23.76 cm?® and associated diameter of 5.5 cm. The
sampled gas stream must be decelerated from the sampling probe velocity, for

example 7 meters per second, to a velocity in the order of 1 - 2 metres per second
prior to the electrostatic focussing.

For other purposes, the dimensions of the various parts of the apparatus, and the
operating parameters, can vary. Also, the desired particle size range to be

concentrated will impose some dimensional variations. Once concentrated, the
flow is directed to any desired form of collecting and/or measuring device for the

obtaining of actual proportions of the particles.

It is also possible to form a muiltiple stage concentration apparatus by feeding the
output in the major discharge passage into a further concentration system

comprising a diffuser cone (if necessary), may not be necessary in subsequent
stages focussing section and virtual impactor or nozzle. Optionally, an additional

charging section is provided, if required, in advance of the focussing section.

Depending upon the particular form of collecting and/or measuring device used,
some level of vacuum may be applied at the outlet end of the major discharge

passage.
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In a further alternative, instead of the conical section 20 tapering to a circular

nozzle with an annular major discharge passage, it can taper to a linear or

rectangular nozzle. Thus, for example, the section 20 may taper in one axis only,
retaining the full dimension on an axis normal to the first axis. The major discharge

passage would comprise a passage at each side of the nozzle extending laterally
and being joined at one end to form an exit. Thus in one cross-section on the

central-axis the nozzle major discharge section would be as in Figure 2 but on a

cross-section at right angles to this it would be as in Figure 13.

The presentinvention, although described by reference to particular embodiments,
has a scope which embraces the claims which accompany this specification.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS .FOLLOWS:

A pafj(icle concentrator for concentrating particles carried by a carrier gas
comprising, in sequence, a diffuser section having an inlet and an outlet
end;

a charging section including electrical charging means for charging
particles passing therethrough;

a focussing section having a central axis and including electrical

focussing means for focussing electrically charged particles passing

therethrough towards said central axis;

a convergent section having a large end connected to said focussing
section and a smaller end; and

a virtual impact particle concentrator connected to said smaller end,
said virtual impact partiai concentrator comprising a nozzle, a major
discharge passage extending laterally immediately after said nozzie for
discharging carrier gas generally depleted of particles and a minor
discharge passage extending axially after said nozzle for discharging an
enriched patrticle stream, said minor discharge pas’sage of a dimension

larger than said nozzle.

. An apparatus as claimed in claim 1, herein said electrical means for

electrically charging said particles comprises a field/discharge system.

An abparatus as claimed in claim 2, said field/discharge system comprising

a plurality of charging cells followed by a plurality of collection cells.

An apparatus as claimed in claim 1, said electrical means for focussing said
‘charged particles comprising a plurality of ring electrodes to form a virtual

capture tube.

.........
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An apparatus as claimed in claim 1, said nozZIe comprising a circular
nozzle, and said major discharge passage comprising an annular passage
extending around said nozzle; and including exit means for passage of a
stream depleted of particles from said major discharge passage.

An apparatus as claimed in claim 1, said electrical charging means and said

electrical focussing each at a value to deflect at least the majority of
particles in a predetermined range at particle dimensions.

An apparatus as claimed in claim6, said predetermined range being .01 im
to 10.0 um.

An apparatus as claimed in claim 1, said major discharge passage
decreasing in diameter away from said central axis.

An apparatus as defined in claim 8, wherein said major discharge passage

IS annular.

An apparatus as claimed in claim 1, wherein the dimensions of components
are defined as:

D, = (constant) (22220
St

Wherein D, =  diameter of accelerating nozzle throat
V, =  accelerating nozzle throat velocity
S =  stokes number
D, =  a selected particle size (diameter)
P, =  particle density

A method of concentrating particles in a fluid flow, comprising:

feeding said flow through a diffuser;
feeding said flow from said diffuser through an electrical charging
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section and charging particles in said flow:

feeding said flow from said electrical charging section through an
electrical focussing section and focussing charged particles towards a
central axis;

discharging a particle-depleted flow radially through a major
discharge passage; '

feeding a particle-enriched minor, flow axially from said focussing
section through a convergent section to a virtual impact concentrator, said
particle-enriched flow passing through a nozzle of said concentrator and
being discharging axially.

The method of claim 11, including electrically charging and focussing said
particles to focus at least a majority of particles in a predetermined

dimensional range.
The method of claim 12, said charging and focussing particles in the range

of .01 Um to 1.0 ym and concentrating said focussed particles in said
virtual impact concentrator.
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