77130682 A2 I 10 0 00O RO A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
15 November 2007 (15.11.2007)

PO | O A

(10) International Publication Number

WO 2007/130682 A2

(51) International Patent Classification: Not classified
(21) International Application Number:
PCT/US2007/011060

(22) International Filing Date: 7 May 2007 (07.05.2007)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/797,998 5 May 2006 (05.05.2006) US
(71) Applicant (for all designated States except US): WAYNE
STATE UNIVERSITY [US/US]; 656 W. Kirby, Detroit,

MI 48202 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): AUNER, Gregory,
W. [US/US]; 16284 Aldrich Court, Livonia, MI 48154
(US). CHEN, Chung, Chu [/US]; 22474 Moorgate
Street, Novi, MI 48374 (US).

(74) Agents: ALMEDA, Lawrence, G. et al.; BRINKS,
HOFER, GILSON & LIONE, P.O. Box 10087, Chicago,
1L 60610 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,
FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L, IN,
IS, JIP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR,
LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW, MX,
MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO,
RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

Fortwo-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: DEVICE AND METHOD OF SEPARATING AND CONCENTRATING MICROFLUIDIC PARTICLES

Wortset —| 34 S%l;/;gg:g

=

%)

Diffusery

N

ment:

Fo

Nozzle

(57) Abstract: A flow unit for micorfluidic particles separation and concentration is disclosed. The unit comprises a nozzle seg-
& ment, a turn segment, and a diffuser segment. The nozzle segment is defined by a first member and a second member, and has an
& opening through which fluid and microfluidic particles enter. The nozzle segment has a narrowing portion at which the first and
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first member flaring outwardly downstream from the narrowing portion to change flow direction of the fluid consistent with the
first member. The diffuser segment is defined by the second member extending past the turn segment to facilitate separation of the
microfluidic particles from the fluid due to the inability to follow the fluid flow.
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DEVICE AND METHOD OF SEPARATING AND CONCENTRATING
MICROFLUIDIC PARTICLES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application serial
no. 60/797,998, filed on May 5, 2006, entitled “DEVICE AND METHOD OF
SEPARATING AND CONCENTRATING MICROFLUIDIC PARTICLES,” the entire

contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The. present invention relates to flow separating and concentrating
devices and, more particularly, flow units and methods of separating and
concentrating microfiuidic particles.

[0003] Separation of cells, bacteria, or other particles is a process typically
performed in biological, medical, and chemical research. Many technologies have
been developed to replace conventional gradient methods that require bulky
centrifuges and separation tubes. Many of such methods and apparatus are not
practical for implementaﬁon in a miniaturized or microsized and automated system.
For example, field-flow fractionation (FFF) involves a flexible elution technique of
simultaneous separation and measurement. Such technique requires outer fields
such as gravitational fields, electrical fields, thermal gradients, or cross flow fields.
[0004] Although other techniques may not require outer fields mentioned
above, many of these techniques are not continuous and require a relatively long
separation time and relatively complex injecting devices. For example, capillary

hydrodynamic fraction (CHDF) is a technique that was used to analyze the size
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distribution of particle growth during emulsion polymerization. Moreover,
hydrodynamic chromatography (HDC) is a technique that has been tested on
separation of fluorescent nano-spheres and macromolecules. Although both CHDF
and HDC do not require external fields, these separation processes are (as
mentioned) not continuous and require a relatively long separation time and
complicated injecting devices. These attributes are not suitable for large-scale cell
or particle preparation.

[0005] Furthermore, a preparative scale separation technique, pinched inlet
split-flow thin fractionation (SPLITT) may be applied for the continuous size sorting
of airborne particles. However, it requires ex'ternal fields (e.g., gravitation fields) as

in the case with FFF.

BRIEF SUMMARY OF THE INVENTION

[0006] | The present invention generally provides microfluidic devices and
methods for particle concentration and separation. Embodiments of the present
invention provide continuous proceésing ability independent of a requirement of
external fields. The devices and methods of the present invention are able to
separate and concentrate particles by particle size and density. For example, the
present invention provides a microfluidic separator that employs a momentum-driven
particle separation principle. The separator provides a relatively high throughput
with continuous-flow processing without a need of external fields for separation. The
separator is configured to be stacked with arrays of other separators for large-

volume cell separation. The separator has a relatively small size that is suitable as a
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portable device and for micro-scale analysis. Moreover, the separator is relatively
cost effective and easy to be fabricated.

[0007] In one embodiment, the present invention provides a flow unit for
microfluidic particle separation and concentration. The unit comprises a nozzle
segment defined by a first member and a second member. The nozzle segment has
an opening through which fluid and microfluidic particles enter the flow unit. The
nozzle segment has a narrowing portion at which the first and second members
narrow from the opening to increase momentum of the fluid through the nozzle
segment. The unit further comprises a turn segment defined by the first member
formed to flare outwardly downstream from the narrowing portion to change flow
direction of the fluid consistent with the first member. The unit further comprises a
- diffuser segment defined by the second member extending past the turn segment to
facilitate separation of the microfluidic particles from the fluid due to the inability to
follow the fluid flow.

[o008] In another embodiment, the present invention provides a flow device
for microfiuidic particle separation and concentration. The device comprises a
plurality of the flow units for microfluidic particle separation and concentration. The
flow units are disposed in an array and are arranged in a cascading fashion.

[0009] In another example, the present invention provides a method of
separating and concentrating microfluidic particles. The method comprises receiving
a fluid and microfluidic particles to be separated and concentrated, and accelerating
the speed of the fluid and microfluidic particles to increase the momentum thereof.

The method further includes influencing a change in direction of the fluid, and
14
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facilitating separation of the microfluidic particles from the fiuid due to the inability to
follow the fluid flow.

[0010] Further objects, features, and advantages of the present invention will
become apparent from considefation of the following description and the appended

claims when taken in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1a is a plan’view of a flow unit design for separation and
concentration of microﬂui'dic particles in accordance with one embodiment of the
present invention;

[0012] Figure 1b is a plan view of the flow unit design in Figure 1a depicting
flow particle separation;

[0013] Figure 2 is a plan view of a particle concentrator having an array of the
flow units in accordance with another embodiment of the present invention;

[0014] Figure 3a is a perspective view of an array of the flow units depicting
three-dimensional particle motion therethrough;

[0015] Figure 3b is a perspective view of another array of the flow units
depicting stream function of particle motion therethrough;

[0016] Figure 3c is a perspective view of yet another array of the flow units
depicting pressure and velocity distribution of particle motion therethrough;

[0017] Figure 4 is a plan view of a particle cqncentrator having an array of the
flow units in accordance with another embodiment of the present invention;

[0018] Figure 5a is a perspective view of an array of the flow units depicting

separation of particles by size;
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[0019] Figure 5b is a perspective view of an array of the flow units depicting
separation of particles by density; and
[0020] Figures 6a-6¢ are cross-sectional views of layers for fabrication of a

particle concentrator in accordance with one example of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0021] The present invention generaily provides microfluidic devices and
methods for particle concentration and separation. Embodiments of the present
invention provide microfluidic devices having a continuous processing ability
independent of a requirement for the use of external fields. The devices and
methods of the present invention are able to separate and concentrate particles by
particle size and density. For example, the present invention provides a microfiuidic
separating and concentrating device comprising a nozzle segment through which
fluid and microfluidic particles enter and gain momentum, a turn segment that
changes flow direction of the fluid, and a diffuser segment that facilitates separation
of the microfluidic particles from the fluid.

[0022] Figures 1a and 1b illustrate a flow unit 10 for microfluidic particle
separation and concentration in accordance with one embodiment of the present
invention. As shown, the flow unit 10 comprises a nozzle segment 12 defined by a
first member 13 and a second member 14. The nozzle segment 12 has an opening
20 formed by the first and second members 13, 14 through which fluid and
microfluidic particles enter the flow unit 10. Downstream from the opening 20, the
nozzle segment 12 has a narrowing portion 22 at which the first and second

members 13, 14 narrow relative to the opening 20. The narrowing portion 22 serves
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to increase momentum of the fluid and particles through the nozzle segment 12.
The nozzle segment 12 accelerates the speed of fluid and particles. As result of
increased momentum, particles start to resist a directional change, e.g., a change in
direction near a sharp turn (discussed below).

[0023] Fluids and particles mentioned in the present application may include
any suitable fluid and particle to be separated and concentrated without falling
beyond the scope or spirit of the present invention. Such fluids and particles may
include water and particulates thereof for applications such as bacteria detection or
quality monitoring; blood components such as white and red blood cells, platelets,
and plasma; target cells for applications such as isolation for disease diagnostic and
genomic applications; polymer beads, ceramics, and pharmaceutical emulsions for
applications such as particle sizing.

[0024] The flow unit 10 further comprises a turn segment 24 havir;g a sharp
turn 30 where, after acceleration in the nozzle segment 12, the fluid and relatively
large or denser particles start to separate from each other due to the inability to
follow the fluid flow. As shown, the turn segment 24 is defined by the first member
13 and is formed to flare outwardly downstream from the narrowing portion 22 to
change flow direction of the fluid consistent with the first member 13. In this
embodiment, the turn segment 30 is a U-shaped turn, but may be formed in any
other suitable shape without falling beyond the scope or spirit of the present
invention.

[0025] The increased momentum in the nozzle segment 12 forms an inability
of the particles to follow the fluid flow through the directional change of the turn

segment 24. Due to this inability, the particles flowing adjacent the first member 13

6



WO 2007/130682 PCT/US2007/011060

of the flow unit 10 are not able to follow the fluid, and other smaller or lower density
particles, around the turn segment 24. Rather, the relatively larger or denser
particles pass the turn segment 24 and cross the dividing streamline toward the
second member 14 as shown in Figures 1a and 1b. Denser and larger particles
have higher momentuml relative to less dense and smaller particles at a constant
speed, and are easier to be separated. Thus, as the average particle size or particle
density decreases, the fluid drag force has a greater affect on the particle
separation.

[0026] Figures 1a and 1b further depict a diffuser segment 32 of the flow unit
10. As shown, the diffuser segment 32 is defined by the second member 14
extending past the turn segment 24 to facilitate separation of the microfluidic
particles from the fluid. The diffuser segment 32 serves to further aid in the
separation at a flowing dividing segment 34 (discussed below) as shown in the
particle path in Figure 1b.

[0027] The flow unit 10 further comprises a flow dividing segment 34 where
fluid flow is evenly distributed into two different openings of the two succeeding flow
units. As shown in Figures 1a and 1b, the left side of the flow dividing segment 34
includes relatively smaller particle size and particle density than the particles that
flow through the right side.

[0028] One aspect of the present invention includes a microfluidic particle
separator and concentrator device having an array of the flow unit discussed above
and illustrated in-part in Figures 1a and 1b. Such a device preferably iﬁcludes a
plurality of the flow unit 10 in staggering and cascading relationship. By the

staggering and cascading configuration of the flow units, concentrated fluid and

7
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particles are acquired. As further shown, each stage of each flow unit has an offset,
Worset, 10 its preceding one. By staggering the flow units with the offset Wogset, fluids
and particles may be divided into at least two downstream flow units as shown in
Figure 1a.  This may also be facilitated also by splitting the exit or downstream
outlet. In one embodiment, the separation of particle sizes may range between
about 5 and 20 micron and particles densities ranging between about 600 and 2700
kg/m®.

[0029] Fiow dynamics of the microfluidic concentrator and separator device
may be provided by simulation for analysis. This may be accomplished by any
suitable system and software such as CFD-ACE+™ sofiware from ES!| US R&D, Inc.
of Huntsville, AL, USA.

[0030] in this example, simulation and analysis were performed. The
simulation employed transient incompressible flow and spray models. The spray
model was configured to track a discrete phase (e.g. solid particles) through a
calculation domain by solving the governing mass, momentum, and energy
conservation equations in a Lagrangian frame of reference. The flow model solved
the time dependent continuity equation, the pressure-based Navier-Stokes
equations, and the energy balance equation. The particles (discrete phase) can
exchange momentum with the surrounding ambient fluid (continuous phase). The

governing equation for the particle may be represent as follows:

au o= 4 -
[0031] PV dt”=chL<U,_—UP>lUL—UP|7P+pPVPG+S (1),
[0032] where pp, V,, and U, are the density, volume and velocity of the

particle, respectively. Cp is the drag coefficient of particle. P, and U, are the density
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and velocity of the surrounding liquid. A, is the particle projected area. For a
spherical particle, V, = I1d,%6 and Ap = I1 d5*/4 where dp is the particle diameter. G
is the gravity and S is the additional source term. In incompressible flow, Cp is a

function of Reynolds number, Re = p;|U,-Up|d,/l, and can be evaluated as follows:

C, _2 for Re < 1
Re
Cp =22 (1+0.15Re") 1 < R 10°
[0033] p = \l+0.15Re for 1 < Re < (2).
C, =044 for Re > 10°
[0034] Figure 2 illustrates a microfluidic particle concentrator device 110 in

accordance with another embodiment of the present invention. As shown, the
device 110 includes an array of 25x50 flow units 112. In this embodiment, each flow
unit 112 has the same components as the flow unit 10 discussed above. The device
110 comprises a sample inlet 114 through which liquids with particles may be
introduced. A body 120 of the device 110 containing the array of 25x50 flow units
112 receives the liquids with particles for particle concentration. in this embodiment,
fluid is split into two outlets 122,124 downstream of the flow unit array. As shown,
the device comprises a liquid outiet 122 and a particle outlet 124 downstream from
the body 120. Most of the liquids without or with fewer pai‘fic!es will exit at the liquid
outlet 122. The concentrated liquids with particles may be collected at the particle
outlet 124,

[0035] Figure 3a depicts a 4x4 array of the flow units 10 (mentioned above
shown in Figures 1a and 1b) to illustrate three-dimensional particle motion
therethrough. In this embodiment, 10 pm particles were introduced into an opening

of a flow unit at the far left side of the array as depicted in Figure 3a. Figure 3b
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shows (in color) a 4x8 array of the flow units to illustrate the stream function map of
particle motion through the array. As it can be seen, there is a dividing streamline
and divided flow as mentioned above. Moreover, velocity (vectors) and pressure
(color) distribution are shown in Figure 3c. As shown, the particles that were
intfroduced into the opening of the flow unit at the far left side (relative to Figure 3c¢)
of the inlet streamlined an exit to the far right side of the outlet of the array in Figure
3c. This shows the concentration of particles may be accomplished from any
location of the inlet to one side of the outlet in a microfluidic particle concentrator
comprising a 4x8 array of flow units mentioned above.

[0036] As the fluid ﬂovy_s through the nozzle segment to the turn segment, the
liquid experiences a centrifugal force, since its inertia tends to pull it away from the
curved path of the turn segment. A pressure gradient forms and balances the force..
The particles experience the same centrifugal force at the turn segment. However,
since the particles have a different density than the ﬁquid, there is a net force that
pushes the particles away from the streamline of liquid. Embodiments of this
microfluidic sepafator and connecting device employ this phenomenon to separate
different particles with different densities as illustrated in Figures 5a and 5b.

[0037] On the other hand, as the average particle size decreases, the fluid
drag force becomes more significant and suppresses the particle separation driven
by the momentum. The hydrodynamics drag force depends on the particle front
projected area and inertia force depends on volume (mass) of the particle.
Therefore, particle separation may be performed on particles having the same

density but different sizes as illustrated in Figure 1b.
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[0038] Figure 4 shows a design of a microfluidic particle separator device 210
with a 25x50 flow unit array (incorporating the flow units depicted in Figures 1a and
1b) in accordance with another embodiment of the present invention. In this
embodiment, liquid with particles are introduced into an inlet portion 212 (top-left
relative to Figure 4) having a relatively small opening. Liquids without particles were
fed to the relatively wider buifer inlet 214 with higher flow rate.

[0039] As shown in Figure 4, separated particles may be collected at various
ports or branches 220, 222, 224, 226, 228 at the end of the flow unit array. In this
embodiment, less dense and smaller particles may collected at branch 220 while
greater densities and particle sizes particles may be collected in sequence at
branches 222, 224, 226, and 228.

[0040] Figures 5a and 5b further illustrate size and density separation by
microfluidic simulation. Figure 5a shows particle with sizes ranging from 5 to 20 ym
separated. Figure 5b shows 20 um particles with densities ranging from 600 to 2700
Kg/m® separated.

[0041] It is to be noted that the efficiency of particle separation may be limited
when the size becomes very small, e.g., diameters less than about 1 pm. As briefly
mentioned above, the limitation may be experience because the drag force is
believed to be more dominant than the momentum force for the size of particles.
Meanwhile, the maximum size of particles is limited by the minimum channel width
of the designed device. With a relatively large array (about 100 x 200 or higher), a
100 times of concentration increase or more distinct particle separation may be

attained with this particle separation technology.
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[0042] Figures 6a-6¢ depict layers or wafers for fabrication of a microfluidic
particle separator and concentrator device in accordance with one example of the
present invention. In this example, the layers are provided in steps in accordance
with the making of an E-coli pre-concentrator. In Figure 6a, a silicon wafer 310 is
patterned using standard photolithography and is dry-etched by deep reactive ion
etching to form a connection port.(mask 1) 320 having oxide layers 323. In Figure
6b, a negative photoresist SU-8 layer 330 may be used to construct the micro-sharp
turn array of the mask 2 identified by reference numeral 340. SU-8 is a commonly
used photoresist material, and is known to be relatively stable and inert. It is also
known to provide dependable biocompatibility. In Figure 6c, a glass (e.g., PyrexTM),
wafer 350 is then used as a top cover of pre-concentrator 360 to provide optical
access of a light source and a photo detector.

[0043] Further description of the present invention may be found in Appendix
A, “Simulation of a Microfluidic Particle Concentrator and Separator,” C.-C. Chen’
and G.W. Auner and Appendix B, "Mircofl;.lidic Particle Concentrator and Separator,”
C.-C. Chen and G.W. Auner, of U.S. Provisional Application serial no. 60/797,998,
filed on May 5, 2006, entitted “DEVICE AND METHOD OF SEPARATING AND
CONCENTRATING MICROFLUIDIC PARTICLES,” the entire contents of which are
incorporated herein by reference.

[0044] While the present inventionrhas been described in terms of preferred
embodiments, it will be understood, of course, that the invention is not limited thereto
since modifications may be made to those skilled in the art, particularly in light of the

foregoing teachings.
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CLAIMS

1. A flow unit for microfluidic particle separation and concentration, the
unit comprising:

a nozzle segment defined by a first member and a second member,
the nozzle segment having an opening through which fluid and microfiuidic particles
enter the flow unit, the nozzle segment having a nafrowing portion at which the first
and second members narrow from the opening to increase momentum of the fluid
through the nozzle segment; and )

a turn segment defined by the first member formed to flare outwardly
downstream from the narrowing portion to change flow direction of the fluid
consistent with the first member.

2. The unit of claim 1 further a comprising a diffﬁser segment defined by
the second member extending past the turn segment to facilitate separation of the
microfluidic particles from the fluid.

3. The unit of claim 1 further comprising a flow dividing segment through
which fluid flow is divided into at least two flow sides, one side of which the flow
dividing segment carries relatively smaller particle size and particle density than the

particles that flow through the other side.

4. The flow unit of claim 1 wherein the turn segment is a U shaped turn.

5. The unit of claim 1 wherein the first and second members are identical
members.

6. The unit of claim 1 wherein the momentum and flow direction of the

fluid through the flow unit is modeled as follows:
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dU s TN T | =
_:Z_t_'i.z_—CDpL(UL-—UP)IUL—U,,!—E"¥+pPVPG+S.

PpVp
wherein p,, V,, and U, are the density, volume, and velocity of the particle,
respectively, wherein Cp is the drag coefficient of particle, wherein P_ and U, are the
density and velocity of surrounding liquid, wherein A, is the particle projected area,
wherein a spherical particle, V,, is Hdp3/6 and Ap is I1ds’/4, wherein dp is the
particle diameter, and wherein G is the gravity and S is additional source term.

7. The unit of claim 6 wherein the filuid may be evaluated in

incompressible flow as follows:

=2

C, = or Re < 1

b= oo f

Cp=22(+0.15R*")  for 1 < Re < 10°
[

C, =0.44 for Re > 10°

wherein Cp is a function of Reynolds number Re and wherein Re equals p.|U,-
Up|dp/p.
8. A flow device for microfluidic particle separation and concentration, the
device comprising:
a plurality of flow units for microfluidic particle separation and
concentration, each unit comprising:

a nozzle segment defined by a first member and a second
member, the nozzle segment having an opening through which fluid and microfluidic
particles enter the flow unit, the nozzle having a narrowing portion at which the first
and second members narrow from the opening to increase momentum of the fluid

through the nozzle segment; and

14
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a turn segment defined by the first member downstream from
the narrowing portion, the first member formed to flare outwardly to change flow
direction of the fluid consistent with the first member,

the flow units being disposed in an array and arranged in a cascading
fashion.

9. The device of claim 8 further comprising a flow dividing segment
defined by staggering each flow unit with offset.

10." The device of claim 9 wherein the flow dividing segment receives fluid
flow that is divided into at least two flow sides, one side of which the flow dividing
segment carries relatively smaller particle size and particle density than the particles
that flow through the other side.

11.  The device of claim 8 wherein the turn segment is a U-shaped turn.

12.  The device of claim 1 wherein the first and second members are
identical members.

13.  The device of claim 1 wherein the momentum and flow direction of the

fluid through the flow unit is modeled as follows:

dU . | ~ .
2.Vp —;l—tﬂ =Cpop, (U, -U)T, —U,,|7"+ pV.G+8S.

wherein p,, Vp, and U, are the density, volume, and velocity of the particle,
respectively, wherein Cp is the drag coefficient of particle, wherein P and U, are the
density and velocity of surrounding liquid, wherein A, is the particle projected area,
wherein a spherical particle, V,, is T1d,"/6 and Ap is I1dp?/4, wherein dp is the

particle diameter, and wherein G is the gravity and S is additional source term.

15
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14. The device of claim 6 wherein the fluid may be evaluated in

incompressible flow as follows:

CD=E‘-'- for Re < 1
Re

CD=%(1+0.15Re°'687) for 1 < Re < 10°
e

Cp = 0.44 for Re > 10°

wherein Cp is a function of Reynolds number Re and wherein Re equals p|U.-
Upld,/p.
15. A method of separating and concentrating a fluid and microfluidic
particles, the method comprising:
receiving the fluid and microfluidic particles for separation and
concentration by a flow unit, the flow unit comprising:

a nozzle segment defined_ by a first member and a second
member, the nozzle segment having an opening through which fluid and
microfluidic particles enter the flow unit, the nozzle segment having a
narrowing portion at which the first and second members narrow from the
opening to increase momentum of the fluid through the nozzle segment; and

a turn segment defined by the first member formed to flare
outwardly downstream from the narrowing portion to change flow direction of
the fluid consistent with the first member;

increasing the momentum of the fluid and microfluidic particles;
influencing an outward change in direction of the fluid; and

facilitating separation of the microfluidic particles from the fluid due to

the outward change in direction of the fluid flow.

16
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16. The method of claim 15 wherein the step of increasing comprises
accelerating the speed of the fluid and micfoﬂuidic particles.

17. The method of claim 15 further comprising a divided streamline,
wherein the fluid flow comprises relatively smaller particle sizes and smaller particle
density on one side than the other side.

18. The method of claim 15 wherein the microfluidic particles separate
from the fluid by crossing the flow streamline due to the inability to follow the fluid
flow.

19.  The method of claim 15 wherein the momentum and flow direction of
the fluid through the flow unit is modeled as follows:

pprii—Z—”=CDp,.(l7L ~T)0, —ﬁ,)lAz—”+pprG+S-
wherein pp, Vp, and U, are the density, volume, and velocity of the particle,
respectively, wherein Cp is the drag coefficient of particle, wherein P, and U, are the
density and velocity of surrounding liquid, wherein A, is the particle projected area,
wherein a spherical particle, V,, is I1d,”/6 and Ap is [1dp%4, wherein dp is the
particle diameter, and wherein G is the gravity and S is additional source term.

20. The method of claim 19 wherein the fluid may be evaluated in

incompressible flow as follows:

CD=ng for Re < 1
Re

CD=—;i(l+O.15Re°'687) for 1 < Re < 10°
e

C, =0.44 for Re > 10°

wherein Cp is a function of Reynolds number Re and wherein Re equals p.[U;-

Upldp/u.
17
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