
A METHOD AND APPARATUS FOR SPLITTING FLUID FLOW  IN A
MEMBRANELESS PARTICLE SEPARATION SYSTEM [0001] Several
different types of membraneless particle separation
devices having a generally spiral or curved
configuration have been  described in co-pending
patent applications. [0002] In general, such devices
are useful in connection with particles  having
density differences compared with water, thus creating
centrifugal  or buoyancy forces necessary for
transverse migration through the  channel for purposes
of separation. Some of these devices are also  useful,
depending on their configuration, to separate
neutrally buoyant  particles. With reference to Figure
1, one example form of a separation  device 20 is
shown. This form shows an exemplary spiral channel 22
with increasing radius of curvature. This geometry
takes advantage of  the rate of pressure change. Any
suitable form will suffice. However,  for example, in
another form, the device may have a contracting spiral
channel with a decreasing radius of curvature for the
sidewalls. The  channel may also maintain a
substantially constant radius of curvature  and a
constant channel size. In any of these cases, or
others, the  channel 22 evolves into two separate
channels 24 and 26 (e.g. also  referred to as channel
#1 and channel #2 in Figure 1 to allow for multiple
outlet paths). [0003] These types of separation
devices provide for particle  separation in a variety
of manners. For example, depending on the flow  rate,
the particle separation may be driven by the
centrifugal force or the  pressure that is created by
flow fluid through the channel. In any of  these
cases, the objective is for particle separation to
occur. Typically  the fluid flow will then have a
first portion with particles of one type of  -1
particle or band and a second portion having fluid
without the particles of  



the first portion therein. [0004] In these types of
systems, it would be desirable to provide for
enhanced separation at the outlet of the devices.
[0005] In one aspect of the presently described
embodiments, a  particle separation device comprises
an inlet operative to receive fluid  having particles
dispersed therein, at least one curved channel
operative  to generate a flow field comprising a first
portion and a second portion ,  and, an outlet
including a mechanism to split the flow such that the
first  portion flows on a first path and the second
portion flows on a second  path. [0006] In another
aspect of the presently described embodiments, the
outlet includes a knife edge. ,II [0007] In another
aspect of the presently described embodiments, the
knife edge is operative to pivot. [0008] In another
aspect of the presently described embodiments, the
knife edge is operative to slide. [0009] In another
aspect of the presently described embodiments, the
outlet comprises a system to generate a pressure
differential between  the first path and the second
path. [0010] In another aspect of the presently
described embodiments, the  system comprises a first
valve positioned in the first path and a second  valve
positioned in the second path. [0011] In another
aspect of the presently described embodiments, the
device further comprises a feedback system. [0012] In
another aspect of the presently described embodiments,
the  feedback system is operative to control the
device based on at least one  of pressure, bandwidth
and flow rate. 2 



[0013] In another aspect of the presently described
embodiments, the  feedback system is operative to
control the device based on at least one  of viscosity
and temperature. [0014] In another aspect of the
presently described embodiments, the  system comprises
at least two channels having an actuator disposed
between the channels, wherein the actuator selectively
deforms walls of  j the channel to generate a pressure
differential. [0015] In another aspect of the
presently described embodiments, the  system comprises
at least two channels having two actuators disposed
between the channels, wherein each actuator
selectively deforms a wall  of one of the channels to
generate a pressure differential. [0016] In another
aspect of the presently described embodiments, the
system comprises compression rings positioned and
operative to  selectively apply pressure to channels
corresponding to the first and  second paths. [0017]
In another aspect of the presently described
embodiments, the  method comprises initiating fluid
flow in the separation device, and,  adjusting a
mechanism in the outlet to vary the fluid flow between
the  first and second outlet paths. [0018] In another
aspect of the presently described embodiments, the
adjusting comprises moving a knife edge within the
outlet. [0019] In another aspect of the presently
described embodiments, the  adjusting comprises a
changing pressure with the device. [0020] In another
aspect of the presently described embodiments,
changing the pressure is based on operation of at
least one actuator.  [0021] In another aspect of the
presently described embodiments,  changing the
pressure is based on manipulation of at least one of
compression rings and expansion rings. -3 



[0022] In another aspect of the presently described
embodiments,  changing the pressure is based on
initiation of at least one valve. [0023] In another
aspect of the presently described embodiments, the
adjusting is based on feedback data items. [0024] In
another aspect of the presently described embodiments,
the  data items are based on at least one of pressure,
bandwidth, flow rate,  viscosity and temperature.
[0025] FIGURE 1 is a representation of an example
spiral particle  separation device; [0026] FIGURE 2
illustrates a form of the presently described
embodiments; [0027] FIGURE 3 illustrates a form of the
presently described  embodiments; [0028] FIGURE 4
illustrates a form of the presently described
embodiments; [0029] FIGURE 5 illustrates a form of the
presently described  embodiments; [0030] FIGURE 6
illustrates a form of the presently described
embodiments; [0031] FIGURE 7 illustrates a form of the
presently described  embodiments; [0032] FIGURE 8
illustrates a form of the presently described
embodiments; [0033] FIGURE 9 illustrates a form of the
presently described  embodiments; [0034] FIGURES
10(a)-10(b) illustrate one form of the presently
described embodiments; [0035] FIGURE 11 illustrates a
form of the presently described  embodiments 



-4 [0036] FIGURE 12 illustrates a form of the
presently described  embodiments; and [0037] FIGURE 13
illustrates a form of the presently described
embodiments. [0038] The presently described
embodiments provide for a mechanism  at the outlet of
a spiral separation device for splitting, or
bifurcating, the  fluid flow. This is particularly
advantageous in spiral or curved devices  because the
outlet of the separation device typically will have
different  size particles on one side of the channel
relative to the other side of the  channel. In some
forms, one side of the channel may have a band of
particles flowing therein while the opposite side of
the channel has very  few resident particles. This is
particularly true where neutrally buoyant  particles
are flowing and separated in a fluid. In at least one
form, the  portion of the fluid flow containing
particles (or relatively more particles)  is referred
to as the particulate stream, while the remaining
portion of the  fluid is referred to as the effluent
stream. [0039] The presently described embodiments
provide a splitting  system to the outlet of the
various separation devices that is transparent  to the
fluid flow. That is, implementation of the presently
described  embodiments does not typically cause
dispersion or otherwise  compromise the integrity of a
focused particle band or group of particles,  does not
create undue turbulence, and does not cause excessive
pressure fluctuations that would impair the desired
fluid flow. The  presently described embodiments allow
for adaptability of the split of  fluid flow, e.g. in
a range from a 20:80 split to an 80:20 split. Suitable
flow sensing and computer feedback control may also be
applied to the  system. -5- 



i [0040] The presently described embodiments may take
a variety of  forms, as those of skill in the. art
will appreciate. As described herein,  the presently
described embodiments may include static or passive
mechanisms or subsystems. These mechanisms could also
be modular  and interchangeable to provide for preset
fluid split divisions of 20:80,  30:70, 40:60, 50:50,
... etc. In other forms of the presently described
embodiments, the system is adjustable and variable. In
still another form  of the presently described
embodiments, the system allows for  differential
pressure control at the outlets to facilitate the flow
of varying  size particles or particle bands in the
respective channels or paths.  [0041] With reference
to Figures 2-12, it should be appreciated that  the
mechanisms illustrated may also be implemented in a
variety of  different environments and configurations.
For ease of illustration and  explanation, such
mechanisms are shown herein as applied to a single
channel, in simple form and/or in representative
environments. For  example, it will be understood by
those of skill in the art that these  techniques and
structures may be implemented in multiple and
repetitive  fashion where, for example, a plurality of
channels are configured within  a device or system.
[0042] With reference now to Figure 2, a spiral
separation device A  having an inlet B, curved channel
portion C, and outlet 10 is illustrated.  It will be
appreciated that the separation device A is shown
merely in  representative form for ease of
explanation. Figures 3-12 do not  specifically show a
full separation device, but it will be understood that
any of the outlets of these drawings could be applied
to the contemplated  separation devices, such as that
shown in Figure 2. [0043] As shown, the end 12 of the
spiral channel C is split into a first  channel or
path 14 and a second channel or path 16. This channel



configuration is shown to be resident in a substrate
18. However, it will  -6 be appreciated that other
forms of or environment for the outlet may  exist.
Notably, the split of the channels 14 and 16 from the
end 12 of the  spiral device C is facilitated and
enhanced by a knife mechanism 11  formed of a
generally static wall 15 having a knife edge 17
protruding  into the end 12. In this regard, the flow
of fluid and separation thereof is  enhanced. [0044]
It should be appreciated the shape of the knife edge
may well  depend on the channel cross section. For
example, rectangular shaped  channels may have
rectangular shaped knife edges while elliptical
shaped channels (e.g. formed by vertically deforming a
tube) may have a  parabolic shaped knife edge. Of
course, other shapes for the knife  edges and
corresponding walls are contemplated by the presently
described embodiments. [0045] With reference now to
Figure 3, another form of the presently  described
embodiments is shown. A parabolic fluid flow 30 is
illustrated  as flowing through the end 12 of the
spiral device (not shown) and being  divided in the
outlet 10 to flow in a first channel 14 or the second
channel  16. In these embodiments, however, the knife
edge mechanism 32 is  pivoted at a point 34 near the
separation of the channels. Although only
representatively shown, the knife edge mechanism 32
includes a wall 36  and a knife edge portion 38. As
can be seen, the knife edge device 32  can pivot
through a range of positions, as exemplary shown by
the arrow  and dotted lines. As noted above, in at
least one form, this range will  provide relative
fluid flow in the two channels in a range from 20:80
to  80:20. It will be appreciated by those of skill in
the art that the pivoting of  the knife edge device 32
may be accomplished in a variety of different  manners
using a variety of different techniques. The
dimensions of the  



channel may dictate the technology to actuate the
pivot in the knife edge  device 32. For example, in
one form, pivoting may be accomplished  7 utilizing
piezoelectric devices or hydraulic devices. It should
also be  appreciated that the pivot may be
accomplished manually. [0046] With reference now to
Figure 4, a parabolic fluid flow 30 is  illustrated as
flowing in the end 12 of the channel of the spiral
device (not  shown) and being split or bifurcated in
the outlet 10 into fluid flow down  the first channel
14 and the second channel 16. However, in this
embodiment, the knife edge mechanism 40 is adapted to
slide on, for  example, a rail of an external actuator
42. As with the other  embodiments, it will
appreciated that the knife edge device 40 includes a
wall 46, as well as a suitable knife edge portion 48.
It will further be  appreciated that the external
actuator may take a variety of forms.  Again,
depending on the relative dimensions of the separation
device  and other environmental factors, the external
actuator may be a  piezoelectric actuator, hydraulic
actuator or a manual actuator. [0047] With reference
now to Figure 5, the outlet 10 of the separation
device (not shown) has a parabolic fluid flow 30
flowing through the end  12 of the channel which is
split into the first channel 14 and the second
channel 16. Also shown are the knife edge mechanism 40
and the  external actuator 42. However, in this
embodiment, a sliding pin 50 is  provided to channel
wall portions 52 and 54 of the first and second
channels 14 and 16, respectively. It will be
appreciated that the wall  portions 52 and 54 are
formed of a flexible membrane. The flexible  membrane
may be formed of a variety of suitable materials. This
allows  the pin 50 to slide in the external actuator
42, thus changing the position  of the knife edge
device 40. The flexibility of the wall portions 52 and
54  allow the channel integrity to be maintained. 



[0048] The embodiments illustrated in Figures 2-5
illustrate  configurations wherein the knife edge
extends into the end of the  channel at the end of the
separation device. However, the presently  -8
described embodiments also contemplate configurations
wherein the  knife edge does not extend into the
channel -- but, for example, merely  abuts the end of
the channel or the appropriate channel stack. For
example, with reference now to Figure 6, an outlet 100
of a separation  device is illustrated. As shown, a
channel 102 of the separation device  is split into a
first channel 104 and a second channel 106 by a knife
mechanism 108. As with the other embodiments, the
knife mechanism  108 includes a wall portion 110 as
well as a knife edge 112. In this  configuration,
outer walls 114 and 116 are also illustrated. In
operation,  in this embodiment, the knife edge
mechanism 108 slides along a rail or  by way of other
types of actuators, to split the fluid flow in a
variable and  adaptable way. As shown, a band or group
or concentration of particles  could flow into the
first channel 104 while the remaining fluid -- not
including the band (or group or concentration) of
particles -- could flow  through the second channel
106. [0049] With reference now to Figure 7, a further
embodiment wherein  the knife edge does not extend
into the end of the channel is illustrated.  As shown,
the outlet 120 for the end 122 of a separation device
includes  a first channel 124 and a second channel
126. A splitting or bifurcation  of the fluid flow is
accomplished using a mechanism 128 comprising a
rotating cylinder 130 and a knife edge 132. The
channel 124 is defined  by an outer wall 134 and an
inner wall 135. Likewise, channel 126 is  defined by
an outer wall 136 and an inner wall 137. It should be
appreciated that the knife edge 132 is rotated to
change the split ratio at  the end of the channel 122.
The inner walls 135 and 137 are configured  



to accommodate such rotation. For example, the inner
walls 135 and  137 could be flexible in nature --
which would allow for them to be  attached to the
rotating cylinder. In other forms, the inner walls 135
and  137 may simply static in nature, with suitable
sealing techniques to  -9 ensure no leakage between
the inner walls 135 and 137 and the rotating  cylinder
130. [0050] With reference now to Figure 8, an outlet
120 of a separation  device (not shown) includes the
end of the channel 122 being divided  into the first
channel 124 and the second channel 126. In this
configuration, a mechanism 140 is provided to the
system to split the  fluid flow. The mechanism 140
includes a sliding cylinder 142, as well as  a knife
edge 144. As with the previous embodiment, the channel
124 is  defined by an outer wall 134 and an inner wall
135. Likewise, the  channel 126 is defined by an outer
wall 136 and an inner wall 137. In  this embodiment,
the inner walls 135 and 137, in at least one form, are
formed of a flexible membrane to allow for the sliding
of the cylinder 142,  yet still maintaining the fluid
within the channels 124 and 126. [0051] With reference
now to Figures 9 through 11 , varying the split  or
bifurcation of the fluid flow in the spiral separation
devices  contemplated herein may also be accomplished
using differential  pressure or flow control at the
respective outlets. In the presently  described
embodiments, this differential pressure and/or flow
control can  be accomplished using independently
controlled actuators or a  simultaneous two-way
actuation for adjacent channels. Flexible  membrane
walls for the outlet channels are typically used to
allow for  deformation. The deformation of the wall
will modify the flow cross  section and, thus, the
pressure on the upstream fluid. Flow control  valves
can be implemented independently on the outlet
channels. The  



channels in this case need not be flexible. [0052]
With reference now to Figure 9, an outlet 200 showing
the end  202 of a channel of a spiral separation
device (not shown) is shown. The  channel 202 is split
between a first channel 204 and a second channel  206.
The channel 204 is defined by a rigid outer wall 208,
as well as a  -10 flexible inner wall 210. The channel
206 is defined by a rigid outer wall  212 and a
flexible inner wall 214. In this embodiment, an
actuator 216  having a plunger 218 (e.g. a solenoid)
is actuated to deform the wall 210  in a variety of
different manners to create differential pressure
upstream  in the channel. Likewise, an actuator 220
having a plunger 222 is  utilized to deform wall 214
to achieve desired differential pressure or flow
control. It will be appreciated that the actuators can
be controlled in a  variety of different manners to
accomplish the objectives of the presently  described
embodiments. For example, one of the actuators could
be  actuated to create differential pressure and flow
control. Or, both of the  actuators can be actuated in
tandem or in a complementary manner, at  the same or
varying rates, to generate differential pressure and
flow  control. [0053] With reference to Figures 10(a)
and (b), the system 200  includes only a single
actuator 250. The single actuator 250 includes a
plunger 252 that is sized to manipulate both flexible
walls 210 and 214.  As shown in figure 10(a), the
plunger 252 is shown in an extreme  position to the
left. Figure 10(b) shows an opposite extreme position
to  the right. [0054] In either of the embodiments of
Figures 9 and 10, it will be  appreciated that
implementation of the actuators will create a
differential  pressure and flow control in the channel
that will allow for varying  degrees of particle flow
in each of the channels 204 and 206. 



[0055] Another manner of achieving such a result is to
provide  adjustable valves in each or at least one of
the outlet paths or channels.  As shown in Figure 11,
a system 200 includes a first channel 230 and a
second channel 232. The first channel 230 has
positioned therein a  valve 234. The second channel
232 has positioned therein a valve 236. Ili Thus, two
separate valves are able to control the flow in the
channels. In  11 this case, the walls of the channels
230, 232 need not be flexible. In  addition, the
valves may take a variety of known forms; however, in
at  least one form, the valves are in-line valves.
Selective operation of the  valves will create a
desired differential pressure and flow control in the
system. It should be appreciated that one valve is
sufficient to divide the  flow between the two outlets
without impacting the inlet pressure. [0056] With
reference now to Figure 12, another embodiment relying
on differential pressure and/or flow control within a
system to split the  fluid flow is shown. In this
embodiment, radial compression of bifurcated  outlets
is used to do so. An end view of an outlet 300 is
shown. The  outlet includes a compliant outer ring
302, a rigid ring 304 and a  compliant inner ring 306.
A first set of channels 310 is disposed  between the
outer ring 302 and the rigid ring 304. A second set of
channels 312 is disposed between the rigid ring 304
and the compliant  inner ring 306. It will be
appreciated that the set of channels 310  corresponds
to a first set of outlet channels that have been
split, such as  channel 204 of Figure 10(a). The
second set of channels 312 relates to  a second set of
channels that have been split from an outlet, such as
channel 206 of Figure 10(a). Those of skill in the art
will appreciate that  this configuration results from
the implementation of a plurality of  separation
devices and the suitable gathering of the flow paths
or  channels, as shown. 



[0057] The pressure in the channels can be adjusted by
manipulating  channel diameters and relative flow
rates of inner and outer streams of  fluid by
reciprocal radial compression/expansion of inner and
outer rings  302 and 306. The rings 302 and 306 can be
compressed and/or  expanded simultaneously, or
individually, to create a differential pressure
and/or flow control in the system. It will be
understood by those of skill in  the art that ring
compression could provide for more uniform and  -12
smoother transitions. However, ring expansion will
also achieve the  objectives of the presently
described embodiments. It should also be  understood
that all inner and outer channels may ultimately be
combined, in one form, downstream, depending on the
configuration of  the overall system. [0058] It should
be understood that the embodiments illustrated herein
serve as mere examples. Variations are contemplated.
For example,  each outlet shown and described herein
is split or bifurcated into two  channels. The split
of the outlet (and this application of the presently
described embodiments) may be extended to three or
more channels.  [0059] Also, it will be understood
that the materials used to construct  the various
configurations contemplated herein will vary as a
function of  the dimensions, application and
environment of the system. Likewise,  the dimensions
of the contemplated systems may vary. [0060] As noted,
the presently described embodiments may include
various sensing and feedback control to allow for the
enhanced splitting  of the fluid flow. For example,
optical sensors may be placed in the  system prior to
the point of splitting or bifurcation and, at a midway
point,  may be used to detect bandwidth and location.
A feedback signal may  be sent to the splitting
mechanisms to maximize band capture and fluid
recovery in the channels. A flow sensor may also be
provided along the  



channeling to detect velocity variations. This data
may then be used to  feedback to necessary pumps to
maintain constant flow rate, and hence,  velocity. A
pressure sensor could also be provided to adjust flow
rate in  each channel to minimize band dispersion and
to maximize flow  recovery. Temperature sensors may be
used to correct fluidic operation  and viscosity
sensors may be used to correct for adjustment in
operation  parameters. 13 [0061] It should be
appreciated that these types of sensing and  feedback
control devices may be implemented in a variety of
different  manners within the system to achieve the
sensing and feedback  objectives noted herein and
others. In this regard, these types of  devices may be
implemented using different hardware configurations
and/or software techniques that are suited to the
environment and  system configuration. [0062] With
reference to Figure 13, an example feedback and/or
control system 400 is illustrated. The system 400
includes a separator  such as a spiral separator 402
that receives input fluid 404. In operation, { the
separator 402 separates the input fluid 404 into an
effluent stream  406 and a particulate stream 408. As
shown, the process is enhanced  through the use of any
of a variety of flow splitters 400 contemplated
herein. It will be understood that the flow splitter
may be controlled  based on various data items that
are collected. These data items  include, for example,
pressure, bandwidth and flow rate. As noted  above,
temperature and viscosity sensors may also be used to
collect  desired data. Such data items are fed to a
controller 420. The controller  420 controls actuators
430, which are used to split the fluid, as will be
understood from the above embodiments. It will be
understood that the  actuators 430 and the flow
splitter may be integrated in the same device.  



-14 Claims:  1. A particle separation device
comprising: an inlet operative to receive fluid having
particles dispersed therein; at least one curved
channel operative to generate a flow field  comprising
a first portion and a second portion; and, an outlet
including a mechanism to split the fluid such that the
first  portion flows on a first path and the second
portion flows on a second path. 2. The device as set
forth in claim 1 further comprising a feedback
system. 3. A method for splitting fluid flow at an
outlet of a spiral separation  device having a first
and second outlet paths, the method comprising:
initiating fluid flow in the separation device; and,
adjusting a mechanism in the outlet to vary the fluid
flow between the  first and second outlet paths. 4.
The method as set forth in claim 3 wherein the
adjusting is based on  feedback data items. -15- I 


