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BRIEF DESCRIPTION
[0003] In one aspect of the presently described embodiments, the

system comprises an inlet to receive at least a portion of the fluid
containing the neutrally buoyant particles, a spiral channel within which
the fluid flows in a manner such that the neutrally buoyant particles flow
in a tubular band offset from a center of the channel, a first outlet for the
fluid within which the tubular band flows, and, a second outlet for the

remaining fluid or effluent.



[ 0005] In another aspect of the presently described

enbodi nents, the system further conprises a second

spiral channel nested with the spiral channel such

that the tubular band is narrowed as a result of

flowi ng through the second spiral channel. [0006] In

anot her aspect of the presently described enbodi nents,
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system further comprises a second spiral channel within which at least
another portion of the fluid flows.

[0009] In another aspect of the presently described embodiments, the
system further comprises a recirculation channel between the first outlet
and the inlet.

[0010] In another aspect of the presently described embodiments, the
tubular band is formed as a function of at least one of fluid viscosity,
average channel velocity, particle radius, fluid density, hydraulic
diameter of channel, angular velocity, and differential velocity across

particles.



[0013] In another aspect of the presently described
enbodi nents, the spiral channel is a helical spiral
structure. [0014] In another aspect of the presently
descri bed enbodi nents, the nethod conprises receiving

at least a portion of the fluid containing the

neutrally buoyant particles at an inlet, establishing
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[0016] In another aspect of the presently described embodiments, the
method further comprises establishing a second flow of the fluid through
a second spiral channel nested with the spiral channel to narrow the
tubular band.

[0017] In another aspect of the presently described embodiments, the
method further comprises establishing a flow of the remaining fluid in a
second spiral channel cascaded with the first spiral channel to separate
neutrally buoyant particles of a different size than the neutrally buoyant
particles output through the first outlet.

[0018] In another aspect of the presently described embodiments, the
method further comprises establishing a flow of at least another portion

of fluid in a second spiral channel.



[0020] In another aspect of the presently described

enbodi nents, the flow of neutrally buoyant particles

in a tubular band is adjustable as a function of fluid

vi scosity, average channel velocity, particle radius,

fluid density, hydraulic dianeter of the channel,

angul ar velocity, and differential velocity across
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[0o2agentihardeher abpscteabib@d pridiehtly described embodiments, the
asymmetric manner of flow of the tubular band is a function of a radius
of curvature of the spiral channel.

[0022] FIGURE 1 is a representation of a particle flowing through a
channel and forces acting thereon,;

[0023] FIGURES 2(a) and (b) illustrate a selected quantification of
particle extraction;

[0024] FIGURES 3(a)-(f) illustrate an embodiment of a spiral device
according to the presently described embodiments;

[0025] FIGURE 4 illustrates another embodiment according to the
presently described embodiments;

[0026] FIGURE 5 illustrates still another embodiment according to the
presently described embodiments;

[0027] FIGURES 6(a) and (b) illustrate still further embodiments
according to the presently described embodiments;

[0028] FIGURES 7(a) and (b) illustrate still further embodiments
according to the presently described embodiments; and,

[0029] FIGURE 8 illustrates a still further embodiment according to
the presently described embodiments.

[0030] The presently described embodiments use a curved channel of
a spiral device to introduce a centrifugal force upon neutrally buoyant
particles (e.g., particles having substantially the same density as water,
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[0027] FI GURES 6(a) and (b) illustrate still further

enbodi nents according to the presently described

enbodi ments; [0028]FI GURES 7(a) and (b) illustrate

still further enbodi nments according to the presently

descri bed enbodi nents; and, [0029]FIGURE 8 illustrates

a still further enbodi nent according to the presently
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effect causes the particles to flow in a tubular band. ~ The introduced
centrifugal force perturbs the tubular band (e.g. forces the tubular band
to flow in a manner offset from a center of the channel), resulting in an
asymmetric inertial migration of the band toward the inner wall of the
channel. This force balance allows for focusing and compaction of
suspended particulates into a narrow band for extraction. The separation
principle contemplated herein implements a balance of the centrifugal
and fluidic forces to achieve asymmetric inertial equilibrium near the
inner sidewall. Angled impingement of the inlet stream towards the inner
wall also allow for earlier band formation due to a Coanda effect where
wall friction is used to attach the impinging flow

[0031] The presently described embodiments relate to a membrane-
free filtration technology that is capable of continuous flow and high
throughput operation. The working principle relies primarily on purely
fluidic flow in curved channel structures, eliminating the need for filter-
interfaces or external force-fields. Balanced transverse force
components concentrate and divert particle streams according to the
designed size cut-off. This spiral flow filtration concept can address size
and mass based separation of micro-particles, including biological
agents. The design simplicity makes this device amenable both to inline
integration with other downstream processes and to serve as stand-
alone, high-throughput, macro-scale or fine micro-scale lab-on-chip
applications.

[0032] With reference to Figure 1, a curved channel 10 (e.g. a curved
portion of a spiral) having a particle 12 flowing there through is shown.
As can be seen, asymmetric tubular pinch effects in the channel --

created by various forces -- are shown. The forces include a lift force Fw
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or the fluid in which the particles reside) flowng in

a fluid, e.g. water, to facilitate inproved separation
of such particles fromthe fluid. As these neutrally
buoyant particles flow through the channel, a tubul ar

pi nch effect causes the particles to flowin a tubular
band. The introduced centrifugal force perturbs the
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G Segre and A Silberberg, J. Fluid Mech., v. 14, p.
136 (1962), experinentally denonstrated a tubular

pi nch effect where neutrally buoyant particles mgrate
to forma symmetric band that is 0.6D w de, where D
is the channel dianeter. In quadratic Poiseuille flow,
three contributions have explained the | ateral
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[0035] (1) F. =6.46nVaR,"”

[0036] where n, V, a, and Re are respectively, the fluid viscosity,

average channel velocity, particle radius, and channel Reynold’s number

given by:

[0037] (2) R, =pVD/n

[0038] with p and D being the fluid density and hydraulic diameter of

the channel. [10, 14]. The third is the Magnus force, Fn, due to particle

rotation towards the wall,

-

[0039] (3) Fm=napQxV

[0040] where Q, is the angular velocity given by AV/r and AV is the
differential velocity across the particle S.I. Rubinow and J.B. Keller, J.
Fluid Mech., v. 11, p. 447 (1961). F,, dominates near the wall and
achieves equilibrium with the combined effects of Fs and Fy, to confine
particles in a band. G. Segré and A. Silberberg, J. Fluid Mech., v. 14,
p. 136 (1962), developed a reduced length parameter to scale this
tubular pinch effect in a simple form,

[0041] (4) L=(£7—7—V—l—](§)3

[0042] where [ is the actual channel length and d is the hydraulic

channel radius. In curvilinear channel geometry, a centrifugal force, Fr,
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[0037] (2)Re = pVD177 [0038] with p and D being the
fluid density and hydraulic dianmeter of the channel.
[10, 14]. The third is the Magnus force, Fm due to
particle rotation towards the wall, [0039] (3)Fm = ga3
pn x [0040] where O is the angular velocity given by
AV/ir and AV is the differential velocity across the
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[0043Y, (5) 20, pD,3d(RIGR,, S. A. Berger, L Tal bot
and L. -S. Yao, Ann. Rev. Fluid Mech., v. é)
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top and bottom walls towards the inside wall. The combined Saffman
and Magnus forces are large in comparison to the viscous drag of the
Dean vortex so particles are trapped in a force minimum located
adjacent and closer to the inner wall.

[0045] So, it is apparent that the contemplated tubular band is formed
as a function of at least one of fluid viscosity, average channel velocity,
particle radius, fluid density, hydraulic diameter of channel, angular
velocity, and differential velocity across particles. Moreover, as noted
above, the tubular band is offset from the center of the channel as a
function of a radius of curvature of the spiral channel. So, the
configuration and operation of the system is a function of the factors
contemplated, for example, by Equation 4. These factors or parameters
are highly scalable and will vary as a matter of application in the range
from micro-scale devices to macro-scale devices. Examples are

provided herein; however, other implementations are contemplated.



[0043] (5)D, =2(d I RIn Re [0044] where R is the

radi us of curvature of the channel S. A Berger, L.

Tal bot and L. -S. Yao, Ann. Rev. Fluid Mech., v. 15,

p. 461 (1983). Particles in md-elevation mgrate
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e concentration ratio of extracted particles in a
prpuiding utaptreastanoelsadnsiseapentiakFiansep(along shgospiral
tinmes that of the effluent 22 that is being output by
Chﬁ‘i‘é‘eipi ral channel 24. Experinentally, this calcul ates
[0DSOR 99? Woirdy to-icasexdefsearal of ehésampial Ustiw@uidss each

presently deScribed enbodi ments. [0047] O her
tadoreshfios gedecreasing padisdesize trngsa ewedlfenbodi ment s

i de: ; Fi. i j .
OhEF1225) PSP AT B e AR e
in@?_fraﬁélﬁ wigh othée dewsstreamd frooessds andoto tenrtemascarstand-

adjusted by tailoring fluidic and di nensi onal
alpag applieaion 0049] 2) Extension to size separation

d Ly invalyve tail aring of thef .
OB TSt VRS20 P b R A g

suiteqt for bathanighithrougtrduaaticscateaner fime onigra4seakeplatabn-

channel . .
chip applications.

[0053] 6) Parallelization of modular units can be realized for higher

throughput.



[0050]3) Ability to cascade several of these spiral

structures, each tailored for a decreasing particle

size range cut-off. [0051] 4) Design sinplicity making

this device amenable both to inline integration with

ot her downstream processes and to serve as a

st andal one application. [0052]5) Large dynam c size
[00541;e 7 Tihiss nﬁémbraté-ﬁnecdwicéthasrﬁlees!eisirablﬁ' teohbinations

of tuderiesbushibgl ol oe coRbosarkEp rk, HieterbR: BGfed for
prﬁggkﬂtﬁfe )Uﬂh*a%oﬁarlnbffhée?bhééd dJiomiet@Reald Moo uglarré-scale

nmbr ane-frée device has the desirable
appdicationsi ons of hi gh-throughput and | ow cost, naking

obbe "5} St bk 3 RRFRRLELE i S o BB
fluidic separation of neutrally buoyant particles without a membrane.
[0056] 9) Double nested spiral channels can be implemented to
compact band successively from both sides.

[0057] 10) Highly scalable implementation based on reduced length
formula is realized.

[0058] 11) Flocculation and sedimentation steps can be eliminated in
conventional water treatment.

[0059] 12) Contemplated structures may be used for other
applications in water including: IC fab reclaim, cooling tower water, MBR
(membrane bio reactor), pre-treatment for RO (reverse osmosis).

[0060] It should be appreciated that these advantages may be
achieved in a variety of different embodiments. These embodiments will
vary as a function of the parameters noted above which are controllable
and/or configurable through channel design and operational parameters.
Nonetheless, the described systems generally include an inlet to receive
at least a portion of the fluid containing the neutrally buoyant particles, a
spiral channel within which the fluid flows in a manner such that the
neutrally buoyant particles flow in a tubular band offset from a center of
the channel, a first outlet for the fluid within which the tubular band flows
and a second outlet for the remaining fluid.  So, in operation, the
method includes receiving at least a portion of the fluid containing the
neutrally buoyant particles at an inlet, establishing a flow of the fluid in a
spiral channel wherein the neutrally buoyant particles flow in a tubular
band through the spiral channel in an asymmetric manner, outputting the
fluid within which the tubular band flows through a first outlet of the

10



[ 0055] 8) Design technique is provided for a spiral
structure for rapid fluidic separation of neutrally
buoyant particles w thout a nmenbrane. [0056] 9) Doubl e
nested spiral channels can be inplenented to conpact
band successively fromboth sides. [0057] 10) Highly
scal abl e i npl enentati on based on reduced | ength
cHaymalland sutpatting e réra@bng fluid-tiroagha senoaddutlet of the
sec’i nentati on steps can be elimnated in conventi onal
sRiER &hannght nent . [ 0059] 12) Cont enpl ated struct ures

[05%1) be|y$Rd fRfard! hﬁur@p@dai)%i&ét%‘t%si 8 I\%ﬁi‘a?rstfd?ﬁllu‘édtwghat
I ab reclal cool1 ng tower water, R (menbrane bio
magadbeorimplementedatnmeatcdrdane® withy dhee pyeresily) described

060] It shpul d _be a eci at ed .t hat
erpbgdintentsn S0 iricuTER T §'btie Fostaf BiuRRIA WAH e 2
firshepRaPBRAAhEER! fedlcd witRIY sasoAd fdpiedlichardiel t MEhat is, the
araneters noted above which are controll abl e and/ or

inte 32 ipucannectedrtouaispinahichanngkbthajrsnirals dpdhatGestar of the

t , . , i t
SRHAME 90, S AR DS dcK U ELIRE e felfphery of the
sttt 800t Wittt livietruptitnaotligrgdhtihea shahgel inydikeaticant So,
particles, a _spiral channel within which the fl igl .
the| Qiidet; 34, haming & fisgh qutiet portige 0eand 4 ﬁ9%f&%>¢éﬂ§lﬁ portion

ti: | OV :
S S35 A Py Ghboslq K Sttt of e
stm[:]dtafe B0e _tubqu Iar_ (tj)agd fl ows and a second out Ihet for
t he_r emai ni ui d. So, I i , ot d.
(00821 |G Beshauldiajs b e-amiresiiol that ki iniet Sol pidyide for an
ofPUSLR ORIANS 8o gy Sy et quicker
foohatior| ofuther itulahbandualoag| an linmgrawallpef thec spisak channel.

TS, B WAl e O LR T RuAele SOACRRIR gt o
attdth WO WnRindiAg Hidw OVt Feresdnge o Rigupsitd, eheothdriteel 10
has an inlet 11 wherein the inlet stream is angled toward the inner wall
by an angle 8. The tubular band 18 is thus formed earlier for egress out
of the outlet 14. Of course, the second outlet 16 for the remaining fluid
in which the band 18 does not flow is also shown. It should be
understood that the inlet angle may be realized using any suitable
mechanism or technique.

[0063] With reference back now to Figure 3(a) according to the
presently described embodiments, the noted lateral forces across the
spiral channel geometry transform a relatively homogeneous distribution
of particles at the inlet 32 into an ordered band at the outlet 34. After
spiral circulation, particles are collected at an inside outlet 36 and the

effluent (water) are collected at an outside outlet 38.

11



channel and outputting the remaining fluid through a

second outlet of the spiral channel. [0061]In this

regard, Figure 3(a) illustrates a spiral structure 30

that may be inplenented in accordance with the

presently descri bed enbodi ments. This structure 30 is

a doubl e nested structure wherein a first spira
[OOBamneBeqmemdatmdageshabngedun&uapcrnaﬂnBamnﬁkwwﬂhhnages

argpfotalad pad gt b ToRchHel Rk dfebonsS A4 ERmparion
T’ boftorn BRfds qK td\ﬁaﬂd“ﬁxéééﬂ’erﬁﬁrthérk%“bélgfTﬁé‘@ﬂwd runs left

structure 30 - w thout 1| nterrugtl on ot her than a
toctightyer ibottimeiot tam at Sbe meanofluidie velocihaef 2 mis.stAs

stinishcae ARRersRd TRl BuRRRABRN" Was"InBRAUEAT jrfy, dr® inlet
(Peﬂ Nt @Eigwre sngwlfwahua@er&ge &R 6AIbtitys e 92 nitha0 Afeer two

ppreC|ated that the inlet could provide for an angl ed
spirali tuems (Bé23 riRigurer 3fe)li the partielesyclosast o rthei inneatwall

(b GhmbRLTE 8 Pl Tol OMcRiraRE o SBATAERY (45 RFfapnel
e@iéﬂd\me?éf\ﬁ% avhalfeofvid chahnél widths A$ ¢de ttrarsitioedl point
npi ng flow W_th reference to Figure t he
aftarahadirn (RB2) 46 due c1(dih mpa RonsRNtrAlRR SHoWSam, band
it P’ Q400 i he PR e Rlrdllah b Jidne outpive
It ghoule beunbted tHat €His O(MGS)eQFlgthm §(aub)()nd aurangitidc pfcont to

th fl which the b d t fl )
chapas 368 JRATOM cORKESHO GRUBISSIBaRYIRe: GIIRETPR ed is
tr&i6n "RYs rfe?r’@ lzsﬁﬁ pa éemg%t.hgbire BB YarfEles.

techni que. 0063 erence back now to Figure
Aftémdhentraositiagpo it the phaepaedgy ofether bbnd iergydtttheshta the

the noted | ateral force s t S anneI
ORI ANl e S riarerf BFSe 1ais oBoitighl Miinst the

digpéisivd effeers 8f BraWhiaH fdtdh am dlﬂﬂJsﬁbn320hr’th@ &tRer hand,
ordered band at the outlet 34. After spiral

theidiffusaiussiderrdge of Hie hapddsisvatahed ter theninsids aad is now

t].et d th ffl =0l |
o i 8, R BB e 5 S, BERefeEAE Bt Rk
inflLisedligrfarat hA%rﬁ ﬁémm a |grggsedde is Qﬂ@teﬂdpéddas observed
mrrored to match their flow directions f

(P#dniEiduserd(edheT betaonersirated hasd:ahaTliclereateivertestinto
fl
B Gt S L 94% Y il St s
roéitet :m@r el qmsntiec:betlems [BuréoandeSilbarbeogl Lsmﬂvemttha’athe
i nlet P#l% (Figure 3(b)) wth an gverage flQ
reduced; lepgd parameter it @ner @hdenidtacop en@afmﬂ'fference
t I
SHAUGHEE % n 5 SAdE A1 1 Sierfe s & r1bf Meen 0efa. 136
(1962)n tThee cbaoenirabentchffendrmeebmweseratlhmldollettetd"neamples is

h dt h Att t t t aft
i P“y%?%'ﬂ%r% Srsip Magaitig of e desitadt paRd is less

thaR VS0 RN dicblline i FtHe?E’Sﬁx téqe i nside and a
nor e se ed ge on t e outside. It should be noted
[0065] t ﬁastnc(le#&)umtmg; mfeca(eb)ted i saraptasaafter i fitration nconform

G AR o R SRS EAM Sl oA 1 25038 e

conpacting the band of partlcles After the transition
poi nt, the sharp edge of t A€ band is switched to the
outside and the continuing |lateral force acts to
mtigate against the dispersive effects of Brownian
notion and diffusion. On the other hand, the diffuse
out si de edge of the band is switched to the inside and
i's now subjected to the conpacting effect of the
centrifugal and |ift force induced effect. As a
result, a sharp edge is devel oped as observed (P#4)
(Figure 3(e)). The concentrated band of partlcles are

vy



[ 0065] Particle counting of collected sanples after
filtration confirmthe results fromthe precedi ng
observation. After the sanples were filtered with
different flow rates, the collected sanples were
diluted to 50 tines for coulter counting (Z2TM COULTER
COUNTER(r), Beckman Coulter, CA USA). The

filkoed anith differendflopeardtes) e émldnntédsammes woerte difuted to 50

R S S
C(% et TACERAN e c%}%éhtllatfdﬁibfﬂ})ﬁrtﬁzlééi #drh Qe Buter outlet

article vel’ocity). Faster velocity i nproved
de‘orbasad iasnthef flowi eelogity pacteiasied. CAQtCUSQUS:‘-fod previeysly, the
09

e iERRoN T Ao ACRE NS ) The cirestrriing deddfy L that is a
fuﬁéféh chfe (FavdichR! Vewsdity) OUHRST ErohevafocHOImprdbd: diltréton

further opt| m zed. The I mportant effect of the spiral
effjeiemey riparticle capiutes efficiepey) freme§4i 1 0ata23 st 1%

tggoliﬁzt}/ggzgﬂ@eséwgﬁi%ﬁfégw aé F}ga;]Sh ffoﬁ%ntrgnbﬁs of the
parfigeand Jflyemosithstt eeldsi $t10>0fartd‘leaham;1lfmﬂ1ml dptrlglzed
in a sharger and_narrower band than is predicte

ThesnpoaBankeffprhehther spical geemetryivdedpeys %Pﬁ@iﬂez into a
nagrpéig%%ﬁ”throd ;J %s&/HnHéltrfca{ 1316 ddﬁphﬁas{“ a\"l‘hé”he%fted

separa I ce accor |ng e present
dczigjéé rgptivedl r(]Ei@jmél‘ar}‘a)w)t actei tbhseqwermallyfcc:rapaoheagistseie of the
shown, the m i ncl udes creen 40
banchES RGN FShAERAT 817 QTEOHSL baBaI BANdS RIsRCiaa Ly the
tu-grm%rsrﬁ 6ﬁ|eff@%i’gi%ﬁ\e408 according to the presently
escri enmbodi nents includes an inlet 410 as well as

[0066] r sin anbthedr elmaodmjeat dagored4dlusteatesithe inpemsmdaiion
[ ystem S .a reci r&JJI at on,, channel

in the ath.
oy o S hSPRAtAISp ASKiCe e BaERi T Aets ninG: Hreseafly FRaCribed
erhBagithShtsORith ﬁQﬂﬂcéWthférﬁm@t | B8, sHIwH, dthe system

cont al ni ng neutra uoyant partl cles is recel ved in
mcllmelesyatmreand%&r at fla$h1 traixed 404, 0arth a Hedyeed gpagtation

tapk 4041 i Gz devide 4B abePafing b ths Bresiilthl fepcribed

ethb&fméﬁ@ intfudde ahl st aAhovas iwell Be sHdirstlouderidd@ and a
408, the tubular band of neutrally buoyant particles

seosmnlaputlat ddet. t AAlsposhownain 4Re rewstemc 4Rfnised, recirculation
o1 438 JFRhl b HARBED, 4 eGRIBTRIAY he
cdﬁylﬁé\tlon tank 404.

[0067] In operation, fluid containing neutrally buoyant particles is
received in the system and first filtered through the screen 402. The
filtered water is then flash-mixed 405 before being introduced into the
spiral device 408 through inlet 410. As the fluid flows in the spiral
device 408, the tubular band of neutrally buoyant particles is maintained
to flow in an asymmetric manner, relative to the center of the channel.

This asymmetry allows for convenient separation of the fluid within which
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the tubular band flows (which is output through outl et

412) and the remaining fluid (which is output through

outl et 414). The concentrate streamis optionally

re-circul ated back, for exanple, to the reduced

coagul ation tank fromoutlet 412 to increase water

recovery. [0068] Wth reference nowto Figure 5, a
theutdthdar drdnadiflowvst (whidchds powpeahtthyouss atledéd412) and the

mhodi ts is.sh o hi nbodi
refiA NG Joich iwBisdt Smosep fiolaBoouieuR 2L agihe songentrate
stRehda f 'o??ioﬁéﬁgifa%%ﬁch%@é@t Badiar fdrcekanmle dith f #eeMeduced

sl zes. In the e system shown, the particles are
caagpilatienl tank from outleD4 h2 ¢o dneneaservealgs regeveiyown, t he

[0D%8],° 2 WS releiRnpE hW o RGP & FonBE e BBRARSRAO e
présedtly i dsécribéd aimbO8indétsa i amwh oulh ethid Eimbddienent, a

second outlet 510 is connected to a second spiral
pwifisationosyssem 500 ingluges s twatsiages spiratgepafmtian system to

B
pdrfitled tife tisglagas Gaded 10i 1GImrirageser aarhi;é.t aAesskiown, the

first separation of particles between those of greater

system inclides orgt Bpythwiater Gausee PPEnreRResting(tos g spiral
t [ 7 i £l n

S FRRITL A0 At el AT el s Lot coend o

seodddf outletBtlifer Theosessndgoufléte54@cisncosmected to a second

PN SARATBIOTangD G PO ALl ISk S22 Bhe CpiTdlGaparator 520
inﬂ%@}éﬁ‘-‘é ﬁ%t;cﬁﬁle@%zm’ar‘ﬁ@)é Qc&ﬁb@ﬂe 46 ashghdv@iei ni ng

or e uent is output rough outlet 526. In
[006D} mimoperatitre, thes systeGAG withl the casecatlad epiral stages

faBlites & T ebecign OfnatteBh dstvest hos S hali thpn 10
miPOkIeteRd bty astitpat FromP iRl fist rsisikalr gé?métbr sAeb! Waste

size cut-offs to achieve fractionation of particles
stigarh atet padivles) less,tharahgasicromei®p bging inpekiethaesaeond

o} 0 Sy S A b, L8880 2308 et
theR $85alAEs gidrtivlcde gesatesdthambaditertnietes ahd usitpatediuid
n this enbodi nent, the spiral device 600 takes the

|
withinnwbichathesei paiticlas regide by wayofreufigtdd24.nd hesgarpaining

; ; L : . i
R SHALCARIS R EnHUEL Bl 528, toythisy BRinrER. M system
500uis gblettblsokie pavtitlesbdtivgenet Gnid) 10 mismeterddur various
such as that shown in Figure 6(a) can be |3posed in a
sqrapiiNg eprosesaiige ndhis t PNGRAte &30 Sy &)@?\’E&@ oPY+t Rantinued
' [ Os;aLe 0
coBLBHHY 4 I H SRR N, SERIEP R ol b e
fractipationvef pantisiesowithedecreasinigesidevanges 600 are

ted t fi t tlet, [ 622, Th d,.
[0870] ot Wi refarenes; Be¥ R0 RESGhiab @l (B).asoeklb further
; _ Lt .
cHblBtary i ALY 8 8 pies eog by e
preséotly wescribéd ErghodinT¢rds ishibustrateshi trathidearnbedinognt, the

that,is a iral und devi.ce, This devjce 700

smirat dsrded G0B ke et a5 cupeliga’ RRF#hg Th AR regssd. she
first outlet 708 and a secgond outlet 710. As with the
enmbodi nment illustrated in ﬂﬂgures 6(a) and 6(b), the
devi ce 700, as shown in Figure 7(b), nmay be disposed
in a systemwherein a plurality of devices 700 are
connected in parallel to a water inlet main 720 froma
fluid manifold. Simlarly, the first outlet lines for
the devices are connected to a first outlet nmain 722.
The second outlet lines of the devices 700 are
connected to a second outlet nmain 724.



[0072] It should be appreciated that the spiral

devi ces contenpl ated herein nay take a variety of

forms including the formof any of the spiral devices

descri bed in connection wth co-pending and conmonl y

assigned U. S. Application Serial No. 11/606, 460, filed

Novenber 30, 2006, entitled "Particle Separation and
spliei daydyr portion & Hiedityviosh604 is s helicalpspisaldtiahdaesi an iimlet

67 fess cutle! &l g 2esecachanteoBLE AReapeh e 2dSts 60).
a \%P}fﬁpﬁégﬁgu%ﬁdh O%‘él.dlrh%‘fssHWH iRlFiyulRueyANéaP det High88ed in a

course, appropriate nodifications
pamaueUarrangeduantdosmmm|thwgmuaaﬁdhﬁnwt@m hé&s shown,

oeBfaT SN BBDSAIT Ga G ap  BRfP En Ao T4 nuia
msﬁﬁsrdl hafl OfheC GRpEBIIVE efirdieioritietsrayf kmedlcmm 600 aare

cascaded manner, as shown in Figure 5 or in

cqraestedto aTﬁmmutleasmgtﬁbﬁaZ; nTre gecendepuiets @(ftﬁ\e dedges

o8 bihnestiit o SEHORH oyBY sBhER Snpraced herern.
[007A] MSWiih ré‘fewﬁé@m F@u@epﬂmﬁhmgbf 7(!19utar51in||l§!r system is
buoyant particles froma fluid, the s

shawn.nHawever; dbejsrabadimenisef E'%Ptz(@xs%\%rpﬁig H'[ﬁ dﬂ‘g"ce

TP B AR 5ha Bl oM RIEL P ctes o Spraly

wommd éodyurv thiaaing rdenh 2067 al ﬂuyst tmu:dalyeamOSpand iacbesord owtlet
71|On aAst l\JAPl’H\ %ge bangoc?lfrrﬁesrﬁt |Ilfurs?rg]ted in S{Jré)sf 6t( rse Qaé]&?l ;the
device 700, as shown in Figure 7(b), may be disposed in a system
wherein a plurality of devices 700 are connected in parallel to a water
inlet main 720 from a fluid manifold. Similarly, the first outlet lines for
the devices are connected to a first outlet main 722. The second outlet
lines of the devices 700 are connected to a second outlet main 724.

[0072] It should be appreciated that the spiral devices contemplated
herein may take a variety of forms including the form of any of the spiral
devices described in connection with co-pending and commonly
assigned U.S. Application Serial No. 11/606,460, filed November 30,
20086, entitled “Particle Separation and Concentration System”, which is
incorporated herein in its entirety by this reference, provided that such
devices are configured, dimensioned and operated to advantageously
address neutrally buoyant particles within fluid. Of course, appropriate
modifications would be made to such devices to accommodate the
presently described embodiments. Moreover, it should be appreciated
that any of the spiral devices described or contemplated herein may be

disposed in a cascaded manner, as shown in Figure 5, or in a parallel
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a first outlet for the fluid within which the tubul ar
band fl ows; and, a second outlet for the remaining
fluid. 2. The systemas set forth in claim21 further

conpri si ng: a second inlet connected to the
second outlet of the spiral channel to receive the
remai ni ng fluid; a second spiral channel w thin

mehhel as1shoemEin Firés G(a). 6(bye7 ()aind ). Béil further, any
|n|n utra an articles WwWin a
sUitble Thoteaial iRy Re UREG B TR i SPi devebem et ted

neI, athird outlet for the fluid within which the
second tubular band flows; and, a fourth outlet for
nore remaining fluid. 3. A nethod for separating
neutral ly buoyant particles froma fluid, the

16



met hod conpri si ng: receiving at least a portion
of the fluid containing the neutrally buoyant
particles at an inlet; establishing a fl ow of
the fluid in a spiral channel wherein the neutrally
buoyant particles flow in a tubular band through the
spiral channel in an asymetric nmanner;
CoMid$tting the fluid within which the tubular band
flows through a first outlet of the channel; and,

10Ut pus Eydtend fof sepaRHtINTSF Hdutially babastpatisRedrom @die! the
of the spiral channel. 4.The nmethod as set forth in
systaime@npieingi n the flow of neutrally buoyant

PR el B T g

boeydntpeeticlesti us, fluid density, hydraulic dianmeter of
t he channel, angul ar velocity, and differential
vel ogispyabglp@yge wwm which the fluid flows in a manner such that the

neutrally buoyant particles flow in a tubular band offset from a center of the
channel;
a first outlet for the fluid within which the tubular band flows; and,

a second outlet for the remaining fluid.

2. The system as set forth in claim 1 further comprising:

a second inlet connected to the second outlet of the spiral channel to
receive the remaining fluid;

a second spiral channel within which the remaining fluid flows such
that the remaining neutrally buoyant particles flow in a second tubular band
offset from the center of the second channel; .

a third outlet for the fluid within which the second tubular band flows;
and,

a fourth outlet for more remaining fluid.

3. A method for separating neutrally buoyant particles from a fluid, the
method comprising:

receiving at least a portion of the fluid containing the neutrally buoyant
particles at an inlet;

establishing a flow of the fluid in a spiral channel wherein the neutrally
buoyant particles flow in a tubular band through the spiral channel in an

asymmetric manner;
17



outputting the fluid within which the tubular band flows through a first

outlet of the channel; and,
outputting the remaining fluid through a second outlet of the spiral

channel.

4, The method as set forth in claim 3 wherein the flow of neutrally
buoyant particles in a tubular band is adjustable as a function of fluid
viscosity, average channel velocity, particle radius, fluid density, hydraulic
diameter of the channel, angular velocity, and differential velocity across

particles.
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