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MINUTE DEVICES AND INTEGRATED SYSTEMS FOR PARTICLE
SIZE DETECTION, SEPARATION AND COLLECTION BASED
ON LOW TEMPERATURE CO-FIRED CERAMIC (LTCC) TAPE TECHNOLOGY

Cross-Reference to Related Application

This application claims the benefit of U.S. Provisional
Patent Application No. 60/165,225, filed November 12, 1999, the
entire disclosure of which is incorporated by reference in the

present application as though set forth herein in full.

Field of the Invention

This invention relates to minute devices for particle
sepafation and collection, such as inertial impactors, that are
fabricated from ceramic tape. The present invention also
includes a minute, unitary system for particle separation,
collection and, optionally, detection, which i1is fabricated

utilizing ceramic tape technology.

Background of the Invention

The development of microchip devices and systems,
commonly referred to as "lab-on-a-chip" technology, enables the
integration of chemistry with mechanics, electronics and optics,
as well as the integration of multiple analytical systems into
a very small area within a unitary structure.

Such systems may be used, among other things, for the
detection of air-borne pathogens and contaminants. Ambient air
often contains dust particles that must be removed prior to
introducing the air into an analytical device. Occasionally, it
may be desirable to separate particles of certain sizes (i.e.,
compatible with the size of bacteria) for further analysis. The

functions of separation and isolation of particles in various
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size ranges can be efficiently and inexpensively accomplished
through the use of an inertial impactor, a device that separates
particles from a gas stream according to their mass by suddenly
changing the direction of the particle-laden stream. The heavier
and/or larger particles continue along a relatively straight
trajectory towards an impaction surface, whereas the lighter
particles follow the gas stream and exit the impactor. The
impaction surface can be either solid of liquid, and it can be
removable from the device. Morever, by making the impaction
surface from an active material, such as a piezoelectric, the
mass of the accumulating particles can be determined.

Inertial impactors have previously been used, among
other things, for air quality monitoring, gravimetric, biological
and chemical analysis; and stack sampling. Using experiments and
numerical simulations, Marple and co-workers studied in detail
the performance of macroscopic impactors. Marple, V.A., Liu, B.
U. H., et. al. "Fluid Mechanics of the Laminar Flow Aerosol
Impactor", Aerosol Science, Vol. 5, 1-16, 1974, Marple, V.A.,
Liu, B. U. H., et. al. "Fluid Flow and Aerosol Impaction in
Inertial Impactors", J. Colloid and Interface Science, Vol. 53,
31-34, 1975, Marple, V.A., Liu, B. U. H., et. al.
"Characteristics of Laminar Jet Impactors", Environ. Science
Technology, Vol. 53, 31-34, 1975, Marple, V.A.. and Rubow, K.
L., "Theory and Design Guidelines" in Cascade Impactor: Sampling
and Data Analysis (1986), Marple, V.A., Rubow, K. L., et. al.
"Low Flow Rate Sharp Cut Impactors for Indoor Air Sampling:
Design and Calibration", J. Air Pollution Control Association,

Vol. 37, 1303-1307, 1988 and Marple, V.A., Rubow, K. L., et. al.



10

15

20

25

WO 01/48453 PCT/US00/31099

"Microorfice Uniform Deposit Impactor (MOUDI): Deposition,
Calibration, and Use", Aerosol Science Technology, Vol. 14, 434-
446, 1991, which are incorporated herein by reference. Marple's
group obtained design charts and efficiency curves as functions
of the impactors' geometry and Reynolds numbers.

A need exists for small scale or minute particle
separation and collection devices which are adaptable for

integration in microchip devices and systems.

Summary of the Invention

It is an object of the present invention to provide
small scale, relatively inexpensive devices, the dimensions of
which are measured in hundreds of microns, and which are capable
of sampling and separation of micron-sized particles from a
particle-laden gas stream according to particle mass. It is a
further object of the invention to provide a particle collection
system comprising an array of the minute inertial impactors of
the invention arranged in series or in parallel to collect
particles of wvarying sizes entrained in a gas stream thus
effectively functioning as a "particle spectrometer".

These objects are accomplished by the device described
herein, which 1is effective for separating and collecting
particles from a particle-laden gas stream according to particle
mass, and which is constructed as a unitary structure from a
plurality of ceramic layers bonded together. The plural ceramic
layers include (i) at least one layer defining an entrance
passage for introducing the gas stream into the device in a flow

path having a given direction; (ii) at least one layer defining
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an elongated cavity which has a length that is transverse to the
flow path of the incoming gas stream and which receives the gas
stream from the entrance passage and directs it through the
device; {(iiil) at least one layer providing an impaction area
disposed in alignment with the direction of the gas flow path for
receiving a first fraction of the particles in the gas stream and
for causing at least a part of the gas stream to be diverted
longitudinally of the cavity away from the direction of the flow
path, and a dispersion area for receiving the diverted part of
the gas stream, which entrains a second fraction of the particles
in the gas stream; and (iv) at least one layer defining at least
one exhaust port for discharging the diverted part of the gas
stream from the device.

The particle separation and collection device of the
invention can be embodied in a system which incorporates a
cascade arrangement of inertial impactors disposed in series or
in parallel to collect particles of various sizes from an
incoming particle-laden gas stream. A preferred embodiment of
such a system further includes another ceramic layer that defines
a second elongated cavity which is in fluid communication with
the exhaust port of the above-described device, and receives the
diverted gas stream from the exhaust port. This second cavity
has a second impaction area aligned with the gas stream
discharged from the exhaust port to cause at least a part of the
diverted gas stream to be rediverted longitudinally of the
second cavity away from alignment with the exhaust port. The
rediverted gas stream carries another part of the second fraction

away from the second impaction area. This system preferably
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includes still other ceramic layers, one of which defines a
second exhaust port connected to the second elongated cavity, and
another of which defines a third cavity connected to the second
exhaust port. The third cavity receives the rediverted gas
stream from the second exhaust port. The third cavity contains
a third impaction area aligned with the connection to the second
exhaust port to cause at least a part of the rediverted gas
stream to be again diverted longitudinally of the third cavity
away from alignment with said second exhaust port. The again-
diverted gas stream carries a part of the second fraction away
from said second impaction area. Additional ceramic layers and
ports may be provided, depending on the degree of separation
desired.

Additional elements may be combined with the devices
and systems of the invention for a variety of detection and
analytical applications. One application for the devices and
system of the invention is for the sampling of air or other
gaseous fluid for the presence of air-borne pathogens or other
particles which can be subsequently detected.

Unlike the impactors of the prior art, inertial
impactors composed of ceramic tape in accordance with the present
invention are smaller scale, typically having dimensions in the
hundreds of microns. Their smaller size allows these detectors
to sample micron-size particles in a efficient and effective

manner.
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Brief Description of the Drawings

The foregoing summary, as well as the following
detailed description of the preferred embodiments, is Dbetter
understood when read 1in conjunction with the accompanying
drawings in which:

Figure la is an enlarged, isometric view of individual
layers of ceramic tape prior to stacking, lamination and
sintering;

Figure 1lb is an enlarged, cross-sectional view of the
assembled and post-fired ceramic tape structure taken at line A-A
depicted in Figure la;

Figure 2 is an enlarged, cross-sectional view of a
minute impactor assembled from seven layers of ceramic tape;

Figure 3a is an enlarged, plan view of the inlet nozzle
of the minute impactor depicted in Figure 2;

Figure 3b is an enlarged, inverted plan view of the
exit ports of the minute impactor depicted in Figure 2;

Figures 4a, 4b and 4c are enlarged fragmentary, cross-
sectional views showing several examples of solid impaction
surface geometrics, which can be custom designed in accordance
with the flow profile to improve collection efficiency;

Figure 5 shows the fraction of collected particles (E)
as a function of the square root of the Stokes Number, for a
theoretical study of the characteristics of impactors in
accordance with this invention;

Figure 6 is an enlarged fragmentary view of a system
incorporating multiple ceramic-based inertial impactors arranged

in cascade format;
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Figure 7 1is a diagrammatic illustration of the
experimental setup used to determine the collection efficiency
of a stand alone impactor of the present invention;

Figure 8 illustrates the particle size distribution of
a particle-laden stream in the presence or absence of an
impactor; and

Figure 9 shows the fraction of collected particles (E)
as a function of the square root of the Stokes number, for an
experimental study of the characteristics of impactors 1in

accordance with this invention.

Detailed Description of Preferred Embodiments

The present invention is directed to small scale
devices for particle separation, collection and, optionally
detection, as well as integrated systems that incorporate such
devices, which are assembled from or utilize components which are
fabricated from ceramic tape. This fabrication technigque allows
the creation of complex or three dimensional, yet minute, devices
without the need for expensive tooling or facilities.

Inertial impactors are typically used 1in the
measurement of aerosol size distribution and collection of
samples for further chemical analysis. The particle-laden
incoming stream can be either a solid or liquid aerosol. The
heavier and/or larger-sized particles continue along a relatively
straight trajectory or minor flow stream towards an impaction
surface where they are deposited, and the lighter and smaller
particles follow the major flow stream and exit the impactor.

Both the larger and smaller particles can be collected for any
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desired method of analysis such as direct-reading, continuous
instrumentation, or be sent to a subsequent stage or stages for
further work up.

The removal of particles (liquids, solids, mixtures
thereof) from a gas stream requires deposition and attachment to
an impaction surface. The impaction surface within the device
can be either a so0lid or a liquid, embodied in various sizes and
shapes. The impaction surface may be surface treated, e.g. with
an adhesive coating, to prevent "particle bounce" or rebounding
of the 1larger particles back into the major flow stream.
Depending upon the application, the device may include means for
measuring the mass of the accumulating particles. For example,
the impaction surface can be made from an active material, such
as a piezoelectric material, e.g. quartz, lead zirconate titanate
("PZT"), lithium niobate, polyvinylidene fluoride ("PVDF"), or
from a thin membrane which may be subjected to either normal
vibrations or wvibrations in the form of traveling waves, which
allow the mass of the accumulating particles to be measured.
Impaction surfaces made from active materials may exhibit a shift
in the natural frequency in response to an accumulation of
particlés, whereby the frequency shift is correlated to the
weight of the accumulated particles.

After particles are deposited upon a surface, they can
be removed at regular intervals to prevent reentrainment into the
gas stream. This can be accomplished, for example, by providing
a collection medium in the impaction area in the form of a ligquid

drop, which can be manipulated for removal from the device.
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Two parameters which may be used to characterize the
performance of an inertial impactor are separation or collection
efficiency and wall loss. An effective inertial impactor is one
that exhibits good efficiency and low wall loss.

Efficiency can be affected by the medium in which the
particles are suspended. When the suspended particles are in a
liquid aerosol, the efficiency of the impactor approaches the
theore;ical efficiency. However, when the suspended particles
are in a solid aerosol, the efficiency is much lower than the
theoretical efficiency, due to particle bounce and particle
reentrainment. These problems can cause larger particles in
minor flow stream to be admixed within the smaller particles in
the major flow stream, and vice versa. Wall Jloss also
contributes to lowering the efficiency of inertial impactors.
Thus, when the larger particles accumulate on the impaction
surface to a certain thickness, these particles may be swept back
into the major flow stream.

Green ceramic tape is a versatile material that enables
the combination of various electronic, mechanical, fluid
transport and electronic elements into an integrated system
within a monolithic structure, without the need for wusing
external hydraulic interconnections. The term "minute" as used
herein in reference to channels, passageways, conduits, vias,
interconnections, cavities, chambers or other void spaces of the
devices and systems described herein, is intended to signify at
least one cross-section dimension of width or depth on the order
of 10um to 1lcm, preferably on the order of 20um to 500um, and

more preferably 50um to 300um. For many applications, channels
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of 200um width will be useful. Cavities in the structures may
have somewhat larger dimensions (e.g. 60um to lcm). The term
"minute” and "meso-scale" are sometimes used interchangeably in
describing the present invention.

In fabricating the devices of the invention, ceramic
tape layers are sized to meet the external dimensions of the
intended device with the tape in its green or unfired state.
Next, minute flow conduits, channels and/or portals are formed
in the individual layers of tape. These flow conduits, channels
or portals can be created in a variety of ways that include, but
are not limited to, mechanical machining, e.g., computer
numerically controlled (CNC) milling and punching, chemical
etching, laser machining, binder extraction, photo-forming or
related techniques known in the art. A variety of shapes of flow
conduits, including without limitation straight, T-shaped, U-
shaped, L-shaped, spirals or curves, can be incorporated into one
or more of these layers. Flow conduits in various layers can be
interconnected through the use of hollow vias. These layers are
aligned, stacked, and then laminated and bonded together by
sintering under temperature and pressure conditions sufficient
to yield a hardened, monolithic body, with complex internal
interconnections. Tape composition may vary from layer to layer
depending upon the desired properties and applications of a
particular device or system.

One of the difficulties encountered in applying ceramic
tape technology is the occurrence of dimensional changes, such
as shrinkage, bowing and other related deformations, that occur

during the lamination and sintering process. Deformation usually

10
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occurs in the direction perpendicular to the tape’s x-y plane and
the degree of shrinkage can be up to 15% of the tape’s original
dimensions. The degree of shrinkage on the external dimensions
can be corrected by accounting for the shrinkage in the design
process. It is more difficult, however, to correct the
dimensional changes such as shrinkage and bowing for the internal
cavities or flow conduits. To remedy this, the internal cavities
or flow conduits of the device are filled with sacrificial
material, such as graphite and an organic binder mixture, prior
to the lamination and sintering process. The sacrificial
material then burns out during the sintering process and a
hardened, monolithic device with a reduced amount of shrinkage
on the internal conduits or cavities is produced.

In the fired state, small structures can Dbe
subsequently machined using diamond tools and lasers. Diamond
points are wused to create intricate features with small
dimensions, and diamond slurry can be used to define symmetrical
shapes. Both CO, and eximer lasers may be utilized to machine
alumina and other ceramics with high precision.

Interconnects to an external flow supply can be added
to the ceramic device through applying an adhesive, such as
epoxy, to affix glass or metal fittings to the surface of the
ceramic. If desired, glass fittings such as Kimble’'s
Borosilicate Glass (KIMAX Brand N-512A) can be directly bonded to
the ceramic by heating the glass above its transition temperature
because the thermal expansion coefficient closely matches that

of ceramic tape. Furthermore, metallic fittings can be bonded

11
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by metallizing the surface of the ceramic device and brazing the
fittings to the ceramic surface.

The devices disclosed herein and the flow passage
within them are adaptable to a variety of design requirements
depending upon the application. Design adaptations will include,
for example, the formation of conduits of various shapes and
dimensions, making the impaction surface of an active material,
forming the impaction surface in different geometrical
configurations, surface modifications, and the like. An example
of a surface modification may be the application of an impervious
coating to the internal cavities to reduce surface roughness and
ease the passage of fluid through these cavities.

Because of their versatility, the ceramic structures
of the present invention can be readily adapted to create minute
particle separation and collection devices or systems comprising
an array of such devices which effect particle collection in
cascade fashion. The flexibility of the manufacturing method
allows devices of other materials, such as silicon or metal
windows, to be incorporated or embedded into the ceramic
structure.

In preferred embodiments, the individual layers of the
minute impactors comprise DuPont® 951 series Green Tape™. This
tape is a low temperature co-fire ceramic ("LTCC") tape which
consists primarily of alumina particles, glass frit, and organic
binder. The tape is characterized by high strength, low
coefficient of thermal expansion, refire stability, and is
compatible with co-fired materials (such as conducting paste that

is screen-printed to the green ceramic tape) and via £fill
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compositions, 1f the application requires said features. The
thickness of the tape used for the devices can vary anywhere from
about 100um to about 250um. As those skilled in the art will
appreciate, however, other ceramic tapes can be utilized in
practicing this invention.

The shrinkage of DuPont® 951 Green Tape™ is on the
order of 12.27%+0.3% in the x, y direction and 15%%+0.5% in the
z direction, according to the DuPont® Design Parameters and
Considerations for Green Tape™, which are incorporated herein by
reference. Shrinkage can be affected further by the number and
size of cavities within the individual layers or the degree of
metallization on each layer.

Figure la depicts 3 layers of green ceramic tape
designated 1, 2, and 3. Layer 3 has two openings, 4 and 5, that
are formed by CNC milling or punching. Layer 2 has an L-shaped
conduit or flow channel 6 therein. Holes 4 and 5 and flow
channel 6 are formed by placing layer 1 and 1layer 2,
respectively, onto the platform of a CNC milling machine. The
green layers are held in place by a vacuum chuck or similar
means. The CNC milling machine cuts openings 4 and 5 or flow
channel 6 in accordance with a computer generated design for each
individual layer of the device. Openings 4 and 5 and flow
channel 6 are filled with a mixture of graphite and organic
binder to maintain dimensional integrity of these internal
cavities during the lamination and sintering steps. The graphite
and organic binder mixture burns out during the sintering

process.
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Lamination and sintering can occur in a variety of ways
and at different time, temperature, and pressure settings
depending upon the ceramic tape used for the device, the number
of layers, and any devices or pastes that may be applied to the
individual layers pre-firing. The aligned and stacked layers are
subjected to temperature and pressure parameters sufficient to
bond the layers together into a unitary structure. Uniaxial
lamination takes place in a hydraulic press with heated platens.
The aligned, layer stack is pressed at about 70°C and 3000 psi
for about 10 minutes to form a laminate. DuPont, the
manufacturer of the 951 series tape, recommends that the laminate
be typically rotated 180° after the first five (5) minutes.

Alternatively, isostatic lamination occurs in a
specially designed press which uses heated water or other fluid.
Time and temperature are usually the same as uniaxial pressing
but rotation of the laminate is not required. The laminate is
vacuum sealed within a plastic bag to prevent water from
attacking the ceramic tape layers.

After lamination is complete, the laminate is then
fired on a setter tile within a kiln or furnace. The graphite
and organic mixture and other organics within the laminate
burnout at temperatures which range from about 200°C to about
500°C. The laminate is usually "soaked" within this temperature
range to ensure full decomposition of the organics. The
temperature is then gradually increased to the sintering
temperature. Typical sintering temperatures for ceramic tape
devices are between about 850°C to about 875°C. The device may

be further subjected to additional firing steps if thick film
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resistors, dielectric, conductors, or other devices are applied
in a post-fire operation.

Layers 1, 2, and 3 are aligned and stacked together and
bonded to form a monolithic structure or device, 7 as shown in
Figure 1b. Each layer is placed into a precision lamination
fixture and positioned over tooling pins until all layers of the
device 7 are assembled. Figure 1b is a cross-sectional view
of the ceramic tape structure after stacking, lamination and
sintering taken at line A-A depicted in Figure la. Opening 4
can be used as an inlet port of the device 7 and flow channel 6
can be used as a capillary or fluid sample holder depending upon
the desired application of device 7. Fittings can be affixed to
opening 4 to facilitate introduction of fluid into flow channel
6. Opening 5 (not shown in Figure 1lb) can be used as an outlet
port of device 7 and can also have a fitting attached to it to
facilitate fluid removal from the device.

The device 7 may be subjected to post-firing machining
depending upon the desired application and design parameters.
Machining methods vary depending upon considerations of cost,
edge control, tolerances, and shape. A dicing saw may be used
to form rectangular sharped devices with tight outside
dimensional tolerances and high quality edges. Another machining
method, wultrasonic cutting, allows tight tolerances and
exceptional edge quality of unusually shaped parts. The drawback
to ultrasonic cutting is that it is expensive and slow in
comparison with other cutting methods. Yet another machining
method, laser cutting, allowsvfor tight tolerances at a lower

price than comparable methods. However, the quality of the edges
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produced by laser cutting is poor. In comparison with post-
firing laser cutting, pre-firing laser cutting of green ceramic
tape will produce quality edges. Unfortunately, the outside edge
tolerances of pre-fired laser machine parts are poor due to
dimensional changes resulting from firing.

A Dbasic form of a minute, inertial impactor in
accordance with the present invention is shown in cross-section
in Figure 2. The impactor 10, comprises multiple layers of 250um
LTCC tape. Each layer is about 230mm thick after firing. Three
(3) layers define the inlet nozzle 8. The adjacent three (3)
layers define the cavity section, 11, of impactor 10. The other
layer serves as the bottom of cavity section 11 and provides a
flat impaction area 12 for the collection of larger diameter
particles. Impaction area 12 may be surface-treated, e.g. with
an adhesive coating, to enhance collection efficiency. Depending
upon the application, the impaction surface may also made from
an active material such as a piezoelectric or an actuated
flexible member in order to measure the mass of the accumulating
particles. In this embodiment, the layer that functions as the
impaction surface also contains exhaust ports 9a and 9b for the
major flow stream containing the smaller sized or finer
particles.

Figures 3a and 3b show plan and inverted plan views,
respectively, of inertial impactor 10. Figure 3a shows the top
layer, with the opening of inlet nozzle 8. Typical dimensions
of nozzle 8 in an inertial impactor constructed of 250um green
ceramic tape are about 500um in width and about 5mm in length.

Figure 3b shows the bottom layer of impactor 10, with exit ports
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9a and 9b, which have approximately the same dimensions as nozzle
8.

The device shown in Figures 2, 3a and 3b is fabricated
according to the same general procedure described above, with
reference to Figures la and 1lb.

In use, particles may be introduced into impactor 10
via an aerosol-laden air stream. The stream is drawn through
nozzle 8, by inducing a vacuum downstream of the device, and is
accelerated so that the particles in the stream have a greater
inertia. As the ailr stream passes into cavity section 11, the
particles with sufficient inertia, i.e. the relatively larger
sized, on heavier mass particles, deviate from the major flow
stream and impinge upon impaction surface 12. The smaller sized,
lower mass particles pass through the exhaust ports 9. Whether
impaction occurs depends on the particle's size, its position
when entering the impactor, the impactor's geometry, the inlet
veloéity' profile, and the Reynolds number. The collection
efficiency of larger particles may be lower than expected based
on theoretical considerations. This may be due to the occurrence
of particle rebound off the impaction area 12 and reintroduction
into the major flow stream. Furthermore, after the larger
particles collect on the impaction surface 12, the particles may
be "blown away" and reintroduced into the major flow stream.

Instead of a flat impaction surface as shown in Figure
2, it is contemplated that the impaction surface can have a
variety of different geometries depending upon the requirements
of the system. By custom designing the impaction surface in

accordance with the flow profile, the collection efficiency of
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the device can be improved. For example, the impaction surface
can be cup-shaped 41, concave 43, or wedge-shaped 45 as shown in
Figures 4a, 4b and 4c. It should be understood that the
particular geometries just mentioned are merely representative
of the various geometries of impactor surfaces that can be
employed.

A theoretical study of the characteristics of two
minute impactor designs, one with and one without a recess in the
impaction area, has been conducted. M. Yi et al., "Theoretical
and Experimental Study of Mesoscopic Impactors", Micro-Electro-
Mechanical Systems (MEMS) - Symposium ASME-Publications - MEMS,
Vol. 1, 517-22 (1999). The entire disclosure of this paper is
incorporated by reference herein.

The theoretical study consisted of a numerical
solution of the Navier-Stokes equations for the fluid's flow
field and a solution of Newton's equation of motion for the
particles. The particle cut-off sizes and the impactor's
efficiency curves were computed as functions of the jet-to-plate
distance, nozzle size, recess size, and the jet's Reynolds number
(Re<100) .

The computations were carried out for the two limiting
cases of uniform and parabolic inlet velocity profiles. Marple's
computations (cited above) were reproduced for an inlet velocity
profile which was between the parabolic and uniform
distributions. Figure 5 is a graphical representation of the
fraction of collected particles (E) as a function of the square
root of the Stokes number for the case in which RE=100,

T/W=Y/W=1, and p=10°, T being the inlet nozzle's length, Y being
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the distance from the nozzle exit to the impaction surface and
W being the nozzle opening width. The squares and triangles
correspond, respectively, to uniform and parabolic inlet velocity
profiles. The diamonds, which lie between the results for the
two limiting cases, represent Marple's computational results for
an intermediate velocity profile.

As shown in Figure 6, the ceramic impactors of the
invention can be fabricated in a cascade-type system 100. By
this is meant that in addition to the basic impactor 110
fabricated from ceramic layers defining inlet passage 118,
elongated cavity 121, impaction area 122 and exhaust ports 119a
and 119b, another ceramic layer 130 is included to form a system
which further comprises a second stage of elongated cavities 131la
and 131b in fluid communication with exhaust ports 119a and 119b,
respectively. Fach second stage elongated cavity has an
impaction area 132a and 132b, which are in alignment with the gas
stream discharge from exhaust ports 119a and 119b, respectively.
The cascade structure may be extended by including yet additional
ceramic layers, one of which 135 defines second stage exhaust
ports 139a 139b, 139c and 139d from the second stage cavities
131a and 131b, and another of which 140 defines a third stage of
elongated cavities 14l1la, 141b, 141c and 141d in fluid
communication with the second stage exhaust ports. Each of the
third stage cavities has an impaction area 142a, 142b, 142c and
142d, respectively, which are aligned with the gas streams from
the second stage exhaust ports.

In operation, a particle—laden gas stream introduced

through inlet passage 118 is received by cavity 121. A fraction
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of the heavy particles, comprising the minor flow stream,
impinges upon impaction area 122, where those particles remain
and the major flow stream, comprising the lighter particles is
diverted longitudinally of cavity 121 away from the direction of
travel of the incoming gas stream and discharged through exit
ports 11%9a and 119b. The discharged minor flow stream 1is
received by cavities 13la and 131b and is again separated into
major and minor flow streams, with collection of the heavier
particles of the newly-separated minor flow stream occurring at
impaction areas 132a and 132b. The separation process is
multiplied and repeated in the same manner by means of impaction
areas 142a, 142b, 142c and 142d in the third stage cavity. The
gas stream is discharged through exhaust ports 149a, 149b, 149c
and 1494d.

For optimum separation efficiency, the distance between
the exit of the inlet passage or of the exit ports, as the case
may be, and the impaction areas of each stage should be reduced
as the gas flows downstream.

As previously noted, hybrid devices can be fashioned
from LTCC tapes in conjunction with various other structural
materials. Hybrid structures for high temperature applications
may incorporate glass compositions, silicon or metals, so long
as the thermal expansion coefficient of the selected material is
compatible with the ceramic material. Once the ceramic is fired,
a wide variety of plastic materials may be included in the
resulting monolithic structure.

The fabrication methods described herein enable rapid

prototyping, layered manufacturing with its attendant advantages
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and economical production of various minute, inertial impactor
devices and systems comprising such devices.

The following example 1s provided to describe the
invention in further detail. This example is provided for
illustrative purposes only, and should in no way be construed as

limiting the invention.

EXAMPLE 1: COLLECTION EFFICIENCY TESTING

The experimental setup used to determine actual
collection efficiency is depicted in Figure 7. 0il-based aerosol
particles ranging in diameter from lum to 6um were generated by
a Model 3450 Vibrating Orifice Aerosol Generator (VOAG), 16. The
VOAG 16 created monodisperse particles with a narrow particle
size distribution. The particles were generated by mixing
specified amounts of olive o0il and 2-propanol (isopropyl
alcohol) . The particles were dispersed and mixed in an air
stream that flowed upward through an Aerosol Neutralizer, 17,
and a flexible connecting tube 18 and fed into impactor 20. A
fraction of the particles was collected inside the impactor, 20.
The air stream was then drawn into a Model 3320 Aerodynamic
Particle Spectrometer (APS), 21. APS, 21, counted the number of
particles in the major flow stream as a function of their size
for a period of 20 seconds and was operated at the constant flow
rate of 5 liters per minute with a sample flow rate of 1 liter
per minute.

In order to test the effects of the flow rate on the
impactor’'s performance, a by-pass branch 22, consisting of a

filter 23, flow meter 24 and valve assembly 25, was added
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upstream of APS 21 as shown in Figure 6. By adjusting the by-
pass valve 25, the flow rate through the impactor could be varied
from 0.3 to 1 liter per minute. The by-pass flow rate was
monitored with a flow meter 24.

Due to concern about the potential loss of particles
during the induction phase, and in order to minimize such losses,
a special entry adapter was designed and constructed using a
rapid prototyping machine (FDM 1650) to provide a gradual
transition from the circular cross-section of the feed tube
(3.2mm diameter) to the rectangular (5mm long x 0.6-0.9mm wide)
nozzle opening of the impactor.

In each set of experiments, the distribution of the
collected particles in the absence of the adapter and impactor,
in the presence of the adapter alone, and in the presence of both
the adapter and impactor was measured. The difference between the
number of particles detected by the APS in the presence and
absence of the impactor was used to determine the collection
efficiency of the impactor. A similar method was used to
determine the particle loss in the adapter. A typical particle
size spectrum obtained in the presence of the adapter with and
without the impactor is depicted in Figure 8. In Figure 8, the
squares represent the presence of an impactor whereas the
diamonds represent the absence of an impactor. Finally, the
volume occupied by the accumulating, collected particles was
estimated. The effect of the collected particles on the
impactor’s geometry was found to be insignificant.

Figure 9 graphically depicts the fraction of collected

particles (E) as a function of the Stokes number for this
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experiment. The parameters of the inertial impactor used in this
experiment was as follows: W=930um; T=700um; Y=700um; T/W=0.75;
and Y/W=0.75. Re=216. The carrier fluid for the incoming stream
was air and the "particles" were droplets of olive oil. The
triangles, squares, and diamonds correspond, respectively, to
theoretical predictions for a parabolic inlet velocity profile,
theoretical predictions for a uniform inlet velocity, profile,
and to experimental observations. Despite the discrepancies
between the experimental results and the theoretical predictions,
the two were in qualitative agreement.

Inertial impactors of the present device may be
incorporated into an 1integrated ceramic tape-based, minute,
fluidic and mechanical component system. It is anticipated that
these systems will act as portable field devices for detection
and analysis of particles in a gaseous or air medium at a
significantly reduced cost due to the lower cost of fabrication.

While certain embodiments of the present invention have
been described and/or exemplified above, various other
embodiments will be apparent to those skilled in the art from the
foregoing disclosure. The present invention is, therefore, not
limited to the particular embodiments described and/or
exemplified, but is capable of considerable variation and
modification without departure from the scope of the appended

claims.
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What is claimed is:

1. A minute device for separating and collecting particles

from a particle-laden gas stream according to particle

mass,

said device comprising a plurality of ceramic layers

bonded together:

a.

at least one of said ceramic layers defining an
entrance passage for introducing said gas stream into
sald device in a flow path having a given direction;
at least one of said ceramic layers defining an
elongated cavity for receiving the gas stream from
said entrance passage and directing said gas stream
through said device, said cavity having a length which
is transverse to the flow path of said gas stream
traversing said entrance passage;

at least one of said ceramic layers providing an
impaction area disposed in alignment with the given
direction of said flow path for receiving a first
fraction of the particles in said gas stream and for
causing at least a part of said gas stream to be
diverted longitudinally of said cavity away from said
given direction; and a dispersion area for receiving
the diverted part of the gas stream, said diverted
part of the gas stream having a second fraction of the
particles in the particle-laden gas stream;

at least one of said ceramic layers defining at least
one exhaust port for discharging the second fraction

of particles and said diverted part of the gas stream
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2.

from said device, said ceramic layers constituting a
unitary structure in which said cavity is disposed

between said entrance passage and said impaction area.

A device according to claim 1, wherein said impaction area
comprises a surface transverse to said given direction and
having a recess aligned with said given direction to

collect said first fraction.

A device according to claim 2, wherein said recess is cup-

shaped.

A device according to claim 2, wherein said surface is
flat, and said recess consists of a concavity in said flat

surface.

A device according to claim 2, wherein said recess is

wedge-shaped.

A device according to claim 1, wherein said at least one
exhaust port is positioned at one end of said cavity, said
exhaust port exhausting said diverted part of the stream

along with said second fraction.

A device according to claim 6, including a second exhaust
port at the opposite end of said cavity, said diverted part
of the stream and the second fraction being exhausted

through both said exhaust ports.

25



WO 01/48453 PCT/US00/31099

10.

11.

A device according to claim 1, wherein at least one of said
ceramic layers defines a second elongated cavity connected
to said exhaust port, and receiving the diverted gas stream
from said exhaust port, said second cavity having a second
impaction area aligned with the connection to said exhaust
port to cause at least a part of said diverted gas stream
to be rediverted longitudinally of said second cavity away
from alignment with said exhaust port, said rediverted gas
stream carrying a part of said second fraction away from

said second impaction area.

A device according to claim 8, including means 1in said
impaction area to collect particles of the second fraction

which are not carried away from said second impaction area.

A device according to claim 1, including means in said
impaction area to collect said first fraction of the
particles in the particle-laden gas stream which are not
carried away from said impaction area by said diverted

stream.

A device according to claim 1, wherein at least one of said

ceramic layers comprises multiple plies of low temperature

co-fired ceramic tape.
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12.

13.

14.

15.

16.

A device according to claim 1, wherein said entrance
passage has at least one cross-section dimension in the

range of 10um to lcm.

A device according to claim 1, wherein said entrance
passage 1is 1in a first of said plurality of layers, said
cavity is in a second of said plurality of layers, and said

exhaust port is in a third of said plurality of layers.

A device according to claim 13, wherein said exhaust port

and impaction area are in the same layer.

A device according to claim 13, wherein a fourth of s=aid
plurality of layers defines a second elongated cavity
connected to said exhaust port, and receiving the diverted
gas stream from said exhaust port, said second cavity
having a second impaction area aligned with the connection
to said exhaust port to cause at least a part of said
diverted gas stream to be rediverted longitudinally of
said second cavity away from alignment with said exhaust
port, said rediverted gas stream carrying a another part of

said second fraction away from said second impaction area.

A device according to claim 15, wherein a fifth of gaid
plurality of ceramic layers defines a second exhaust port
connected to said second elongated cavity, and a sixth of
sald plurality of layers defines a third cavity connected

to said second exhaust port, and receiving the rediverted
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17.

gas stream from said second exhaust port, said third cavity
having a third impaction area aligned with the connection
to said second exhaust port to cause at least a part of
said rediverted gas stream to be again diverted
longitudinally of said third cavity away from alignment
with said second exhaust port, said again-diverted gas
stream carrying a part of said second fraction away from

said second impaction area.

A device according to claim 1, wherein said impaction area

includes means for in situ measurement of the mass of

accumulating particles.
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