FLUI DI C DEVI CE AND METHOD FOR SEPARATI ON OF NEUTRALLY
BUOYANT PARTI CLES [ 0001] Conventi onal municipal water
treatment (MAI) and other types of water purification
systens include multi-stage filtration and sequenti al
process steps for coagul ation, flocculation, and

sedi nentation. A mninmmof tw stages of filtration
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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.



remaining fluid or effluent. 1 [0004] In another
aspect of the presently described enbodi nents, the
inlet is angled to facilitate earlier formation of the
tubul ar band along an inner wall of the spiral

channel using a Coanda effect where wall friction
hel ps to attach inpinging flow [0005] In another

3988 7l preer iR s 168 Frednte geraIbEd sapdiments, the
'?ﬁ‘l%g‘? 'iéH Eé‘?a&ﬁidté'earﬁ@ffﬁ@atmgf ’éﬂ@iutﬁhSr bEHFLa;\Bng an

arrovve as a resu W ng roug
senenWasHmfrtale spicalranred @66)g BrCaandheffent pawreokall fidction
sent | scri.bed odi nents, the systemfurther

$ilQ tgﬁgg'%rﬁ%i NI connected to the second

([ObbS] ] ahBﬁhé(péép'ﬁctfo%ﬁé%re%@nﬂf@%‘s‘éﬁbéa%thHai'n'ﬂéﬁ’tg the
d; a second spiral channel

rse'ﬁﬁemu fwgthtelrmmwmmaswonmaplralh@mrmmhrrﬁsigd with the spiral

A st el b g Bl R prfl B8 kRl & gowing

tthraufottid sécdid sphal 6halmnﬁlelv\ﬂ thin which the second
tubul ar band flows, and, a fourth outlet for

[ORABHi nin Anather agrRey Af thﬁ RIREERKY dgspebed @rmbﬁ@ments the
%‘é@f&ﬂti{uﬁ LS n@ﬁéj%sfgﬂé’%w niet {:gﬁneditgpﬁljr ciheIsecond outlet

raIIy uoya es are o
tdfathe fwnramealtaraidlytobmegane ey rela@isinguflpiat, 4 hsexogid spiral

the first, qutl et 0008] In an e/ aspec f the ..

shesas Wit B seRiche e RovaTIEA gy favs Siche ?ﬂaﬁtdﬂfeh@mammg
TRAREAIRCBUGY SRR RBy 1d BpEontt tplLiar HyfTofbet from the
aentée of tspeecond chiamnel e dhird 3oudile$cfmﬁ thedfleidbwithirewthich the

oo b IB AL R e TR 3uRn e S0 lchB TP tRRS i
a[OOD‘I r ﬁ‘ﬁBﬁ@ihé?faéﬂ&tﬁffecﬁéf]&r'e%eﬁﬁﬁ@@s@ﬂgeéfﬁﬁgbﬂmr&s the
ubul ar band i's forned as a function of at [east
dﬁmajnln‘g nedtraily clogoyant particles are of a different size than the

neutrally buoyant particles output through the first outlet.

[0008] In another aspect of the presently described embodiments, the
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.



aver age channel velocity, particle radius, fluid
density, hydraulic dianeter of channel, angul ar
velocity, and differential velocity across particles.
2 [0011] In another aspect of the presently described
enbodi nents, the tubular band is offset fromthe
center of the channel as a function of a radius of
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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] [n 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.



second spiral channel cascaded with the first spira
channel to separate neutrally buoyant particles of a
different size than the neutrally buoyant particles
out put through the first outlet. [0018] In another
aspect of the presently described enbodi nents, the
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JRT8L T iAo asnecs b the praseat dgRCiingd sraaediments, the
YrSthod tkﬁéfb&ﬂhﬁﬁ %§ relaﬁculé‘ﬁﬁ@Wtﬁér ?ém%’t”lé%'s?%%ortuon

re-circulating i e system at” | east portion
tafi¢hé fluid outpyithrowgh thehfitdteoutietst outl et. [0020] In

2RB20F ] " BRSinstiasntly M TAS B oA AesdiOeR Sxbodtas, the

BRAE of healdtdIRf BQb?a#ﬁp@rttcflé‘é‘%'é”ful%la?'H#d@i 1] §GRI=§tétYle as a
average channel velocity, particle radius, fluid

den@ﬁlqry of filyiint aigdosityi anerage channel velonitel padistriradius, fluid

[0%(5‘%fltl t?llpp@r?'??ﬂ''I‘?er lé@gﬁ% ci#f tﬁ% E‘P&‘f&ﬁ %@é@%r‘?%éw and

itho@intianelodityeacrasy paeticles, manner of flow of the
tubul ar band is a function of a radius of curvatu

40024k SW aaptharasract qf doe prespadlrdescribed embodlments the
f I
SRS oPna0 o AL B8 16 hian ot fpcis

wﬁd:uf\mlturé lotﬂ$me&paaachaggﬁlt ed &lﬁrét | gl cation of

icle_e tion .
ﬁspéglra’f@‘dkﬁrﬂbgﬁ@ reg “tét'é’ﬁﬁ §|a é@bié"’é ﬂ%ESr'@irﬁﬁgh a
}%ialhpgl QF\SS’TSFEésVaQﬁﬁQ"tHQ%@ enbodi nents; [0025] FI GURE

ustrates anot enbo i ment accor di ng to the
10623ht | FIGYRES b2(h) eand dbyelustrafed @2 8¢ ldetaRuantification of

Mét{a)be%&@: Ibegng;gg[ji ﬁgﬁ?g' ment according to the
[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] FIGURES 6(a) and (b) illustrate still further
enbodi nents according to the presently descri bed
enbodi ments; [0028] FIGURES 7(a) and (b) illustrate

still further enbodi ments according to the presently
descri bed enbodi nents; and, [0029] FlI GURE 8
illustrates a still further enbodi nent according to

th tly d bed enbod 0030]
SHa8BITNG TaadiEh ibe RASIFenERAS AVt 3B harater, t

Phcilitats Rir] Ip?f)}/é&“s'eg)%réf?oh SQE;HCﬁar?ie:Fé%nfrBhT W@Lflufd)r% these

upon neut yant particles particles
hrmurtnaxyysbbeyalmit ipartigies hifowatheodgh sthiey channalt, ea, tubdilar pinch

et cAusg’s 1A sarticlas Bafpwf el ERiFHbaldse Tam TlisHuced
Qfenmpapwcbcb@ﬁumsomé foulbtbAndA® ¢ MR%Ees RREUTBLAEY band

particles flow through the channel, a tubul ar
ptorf iefaf mnlwwé@ttfmpamnwegf thﬁ thanneh, gesultmg in an

SRR Hbrtiah BriaPaugih st e BERY ol el rir pan of the
maﬁneto frthfbfbeabm% alfoﬁ/é?éﬂtfof rf@mgngeaherc@mpbbﬁon of
channel), resulting in an asymetric inertial

rﬁ“@loand@ﬂ particulates fotnarrew band fereexifactions The geparation
gfﬂﬁ‘u%gﬁ{el co! ofnﬂlee%e h%"?!af'ﬁ”ﬁﬁp nﬁ:éﬁﬁ’g té %al&ﬁ&é‘séf”ﬁwea%gntnfuga|

suspended particu es 1 hto a nart ow

mﬂdﬂﬁw‘c eforces ttboachiehe aepﬂhﬁéthonlnelﬂtliélnéqpillbrlum near the
contenpl ated herein inplenents a bal ance of the

drnar sidawall. Angded ITPHIgeTBRE ek theinlel § Eeamtopards the inner
\RAF Lisd) aff {AH ﬁP'r %drh’@? pﬁﬁ& bARatibR e g& ﬁ’a'ahda'“é\@écﬁ%here
n S

i MpI Ngene stream t owar nner
wed || friction ialusaad fooattaah theimpanging dowat i on due to a

TRBS7E,  Fhe RresPolY switrioe etliahits Paet tobaghémbrane-
‘?fé@‘#l‘lt%ﬁ té@hﬁbﬁ)gf:ygﬂ?atméﬁﬁsre forecortidddiat lI’I@W and high

technol ogy that is | e of "continuous flow and high
tthmggipplmtopmatlam o’ heTW@rmgkpngc;pfe meligs cprmalnleyson purely
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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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known toO era al’ forc se’ i ner
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eru at
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%@gfm@mﬁ jﬂ ! ﬂ-elmgl IHLI gnd,-_[supdIaosef)gl‘;3 Slﬁlﬁ? Mech v. 277,
p. 271 (1994), E. Ashmolov, J. Fluid Mech., v. 381, p. 63 (1999), E.
Ashmolov, Phys. Fluids, v. 14, p. 15 (2002), J.-P. Matas, J. F. Morris
and E. Guazzelli, J. Fluid Mech., v. 515, p. 171 (2004), B. H. Yang, J.
Wang, D. D. Joseph, H. H. Hu, T. -W. Pan and R. Glowinski, J. Fluid
Mech., v. 540, p. 109 (2005), E. E. Michaelides, J. Fluids Eng., v. 125,
p. 209, (2003), P. Cherukat and J. B. MclLaughlin, Int. J. Multiphase
Flow, v. 16, p. 899 (1990), P. Cherukat, J. B. McLaughlin and A. L.
Graham, Int. J. Multiphase Flow, v. 20, p. 339 (1994).

[0034] G. Segré and A. Silberberg, Nature, v. 189, p. 209 (1961), and
G. Segré and A. Silberberg, J. Fluid Mech., v. 14, p. 136 (1962),
experimentally demonstrated a tubular pinch effect where neutrally
buoyant particles migrate to form a symmetric band that is 0.6D wide,
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Mech., v. 11, p. 447 (1961), B. P. Ho and L. G Leal,
J. Fluid Mech., v. 65, p. 365 (1974), P. Vasseur and
R G Cox, J. Fluid Mech., v. 78, p. 385 (1976), J.
Feng, H H Hu and D. D. Joseph, J. Fluid Mech., v.
277, p. 271 (1994), E. Ashnolov, J. Fluid Mech. v.
381, p. 63 (1999), E. Ashnol ov, Phys. Fluids, v.
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[0037] PH2¥., v. R36 pKD1m4 (1985), P. Cherukat, and
J.B. McLaughlin, J. Fluid Mech., v. 263, p. 1 1994.
[0038] seavithd pmmi D beingthe $luidh el eBesfitynamd ihyeiraulid diarheter of

EecoARLI D5 S 5 3350 i 5 R
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nunber given by: [0037] (2) RQ = pVD/ f?

[0039] (3) Fm = na’pQx v

[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 F,, 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=(ﬂJ(ﬂ)
n \Nd

[0042] where [ is the actual channel length and d is the hydraulic
channel radius. In curvilinear channel geometry, a centrifugal force, Fe,
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[0038] with p and D being the fluid density and
hydraulic dianeter of the channel. [10, 14]. The
third is the Magnus force, Fm due to particle
rotation towards the wall, [0039] (3) Fm= 7Ca3 PO x V
[0040] where Q is the angular velocity given by AV/r
and AV is the differential velocity across the
partlcle S. 1. Rubinow and J.B, Keller
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and E/ilag(n ?grces 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.
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results in a systemwhereby particles can be
dReJHASted within a spiral channel and output in a
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f'roman uent stream” For exanple thre
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abisk el 55 Ratsrd it Buori TfioGht Shetsieal Bytaridters
geong]:l es lE?(té‘ns@ﬁfEd Sizeas EpArafienNouRp n$é‘r@w1|m)blve tailoring
igure 2(b), is 300 tinmes that of the effluent 22

tathe él%mjamtsm foy a Hwospianic r@ngenaf particle sizes and
E;?B%uﬁ {:%:Mfe ch?hﬁera' ﬁf%ghﬁénhéh In3Rndr? &lohg® tRBC Ypiral

I enova US|ng
channel.

[0050] 3) Ability to cascade several of these spiral structures, each
tailored for a decreasing patrticle size range cut-off.

[0051] 4) Design simplicity making this device amenable both to inline
integration with other downstream processes and to serve as a stand-
alone application.

[00562] 5) Large dynamic size range in its filtration capacity makes it
suited for both high-throughput macroscale and fine micro-scale lab-on-
chip applications.

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



presently described enbodi nents. [0047] O her

advant ages of the presently described enbodi nents
include: [0048] 1) Filtration capacity such as sanple,
vol ume, hydraulic retention tines, filtration rate,
cut-off particle size, and concentration factor can
be adjusted by tailoring fluidic and di nensi onal
paraneters. [0049] 2) Extension to size separatlon

18054l ne?)eTpls mesnbeanesfregrdenice dras e de&wala&r eprabinations
ggr pfgﬂmﬂﬁhgﬂgﬁtrgﬂgel&k RSt ! %Sklﬁgz‘?’é fﬁ'ﬁ%r? égfté‘ﬁﬁl for
p e chafnel's rn sequentidl nmannér al on € sprra

phepavaitive[ Gfratiod) iAbithet yahge caf,cadercseualeal toofmabesscale
spiral structures, each tailored for a decreasing
@&N'P%ﬁ'@%l ze range cut-off. [0051] 4) Design

10055 C'éyD@ﬁlﬂ%élﬂé ggW@ﬂﬂ@%ﬂﬁﬁ'@sE%hsﬁQctd}b'1%? rapid

I'nte ati’on stream processes and
dkiidie sepasativraot neatratly kymyant partisies Mﬂm]t aBnembrgae.

' [ ts filt k [
SHBRERL 5 BoiiRsrd e Sk shehash. 7 B g ERRrkda o
FofriRact KRk é@ébéyswablﬂ%rﬁwh%esons [0053] 6)

Parall elization of nodul ar units can be realized for

0052} 10 blighyuscalabjedsplementation heaed sreredaeed length
gew ce .has desi rabl e combi nati ons of

?%“?H?Jﬁahﬁ%ﬁ and | ow cost, naking it inherently

0058 f 1) FRIRRA&HS ‘aﬁdfsédlfr@ritﬁl’brh BtéHe chANgs eliminated in
m cr o- scal e to macro-scale applications. [0055] 8)

D@QNgﬂtl@@@HMﬂtﬁIér@%tnﬁﬁ@w ded for a spi raI structure

(05EP L, CAibFyTERAL S 0BuRbeDoKESS) b RNy  tner
spiplishtiohsaim elatec arclbeingmpC dakreekimo coolmg 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
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conpact band successively from both sides. [0057] 10)

Hi ghly scal abl e i npl enentati on based on reduced | ength

formula is realized. [0058] 11) Flocculation and

sedi nentation steps can be elimnated in conventiona

water treatment. [0059] 12) Contenplated structures

may be used for other applications in water

including: 1C fab reclaim_ cooling tower wate

chappehaad supyiding: the) rempaiaing Buidnibreugiva mqn%oetlgfeof the
g Fﬁ;nnépOGO] It should be appreciated that these
vantages my be achieved in a variety of different

;[00611] meint ?hls 'hfbgam EFRfyudé ré(a) S’olltzljstfdges \&ﬁ%lraﬁ structure 30 that
unctlon of the aneters noted apove I C a .
d0RY r Be| aﬁpl@maﬂ&dormc@mog@?m eWithr &7 &@hpa%%m& described

%‘Tﬁ s OPEhiatdtANalird 3p21ees % Ie h@@@*@ﬁ@éﬁxraﬁﬁﬁerem a
escri

systens generally inclu e an
rfmslesmeal chanrezlsis rregiedtwidin aosecdied fspiratl cbhannal. mTrhgat is, the

t.h t t
B35 e eanagle NP sPRRL GBafReL s SRR 10 finter of the
%‘?Mfchﬂle' BObHﬁMaﬂ{erP%'b‘iﬁa‘Fé sadk @ Wt 't6 thel bhrda el?i@h@ry of the

offset froma center of the channel a fII‘S? out | et
fstiucture 30 ui withouhinterniption: eider dhan 2 cimamgie fim slikectignd So,

Ing 2fe 7% aing, & sk QBT BoRO abtid n o gutiet portion

3%, tis Qispdsddrenf thel du@rﬁem;mérg hbeopptRidd & the Redyamnsf the
particles at an inlet, establishing a flow of the

fstigicture3@  spiral channel V\herel n the neutrally

ggﬁggft Cﬂasrhtoq%i &¥sd bgvﬁsd)ﬂ}e@ attgg YhaY thePRist %%@%éf({éﬁ@r an

|
nnel in an-a manner,

fangilet veit himclirvdd camtiyneoft dilid a'b M@éldsysltems tb hfamtyﬂatel quicker
first outlet of the 10 channel and outlouttl ng

feraatiom @fithei wbuiaoband aleag Ay imnar wall &f tf‘ﬁeSPléfbh ¢hannel.
081 0L RO o o eeses RIS ) o s usea to
iatizichn#het edpmgnagcftnvdanwetmwefbren@ to ésgute B, dbeccharawe! 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.
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enbodi nents. This structure 30 is a doubl e nested
structure wherein a first spiral channel is nested
with a second spiral channel. That is, the inlet 32
is connected to a spiral channel that spirals to the
center of the structure 30 and then spirals back out
to the outer periphery of the structure 30 - mﬁthout
|nterrupt|on ot her than a change in_ direction.

100641 TSeqBantalmagen dipng e EvEic path a8 SBoWhd lmages
%‘?8% t%Htéﬁ& mRfdrb8Mo ﬁ%tﬁh %hgirwyrﬁlghgefo?%cﬁﬁpanson.

as op osed to center structure
Cﬂhe bﬁﬂﬁﬁb] snuesweubWaablsthemerﬂppofed\eatsﬁdatmétha fleid runs left

o B L ] 68,0 FUE o8 . s
SRR | & @EﬁFé&l ot sﬁéﬁgnﬂbﬁnﬂa@”ndtfH&ﬁIce‘ﬂaMtoOfan inlet

the spira annel. This 1s the result of the Coanda
éP#éb:t(Flmee 3 withr antdverage flave aetasityaot 82hmimns. After two

sPbiah ik, (PR, (g SicTh TP pBicled HiSseitoto Tos daper wal

i(PWETIIbSEnd MY HhVieNstdrtdte to %'nbenﬁﬁteaat @n@wefram e channel
tubul ar band 18 is thus forned ear|ier for egress out

centerewbere &t isa half ofoiesehanngd wistlynd\bthe sansiiqnal point

Aty PLhsoAR ot 8L Babile K afiphe  bane

witteh s&ﬂﬂb%d@’ohﬁthéqﬁbidéeéndl%i moremyffisss tagkeon the outside.
mechani sm or technig EJOO6 Wth reference back now

foshpyleh QGB’OQIPdaH’tﬂirW%d #3) t(Figurpr 3sBhi$ \@ dansitigegoint to
%ﬁgﬂgknﬁﬂe‘ sI'Po RroMobRekhilé ! c&?ﬁt%?%lcfcq{v%é iff&ction. This
anne eomst ry transform a

hmmmm? tbegegciahtef(ﬁe\ctsobn pesrhpattisg dhet band nb’étpaSﬁcles
n ordere nd at the outl et 34. Af
ahiar iz fFaRsItipA ROIEH ctheasBaty FOE (of dha b i, sWlshed to the

Yiksigk ﬁﬁdaﬂ'ﬁa td?)‘?\tlggmdl%[ﬂor 6\}?&% Jacld %Cfﬂ Iﬁ&ﬁfgei%g%‘inst the

an outside outl et Sequenti a
ailsp&jst\lfeeeffemscbchpmnlaar modioovand Hiffupden. a’.Dte thetadherhand,

@g%,éﬁ?;f{éeghﬁgm ercrj%e of h l)gntfjllgvélw?t'ckggtt tlﬂe inSide and is now
subjected to the compacting effect of the centrifugal and lift force
induced effect. As a result, a sharp edge is developed as observed
(P#4) (Figure 3(e)). The concentrated band of particles are diverted into
the inside outlet (P#5, L= 34.2) (Figure 3(f)) whilst the effluent stream is
routed into the outside outlet. Segré and Silberberg showed that the
reduced length parameter for one order of concentration difference
should be L>9 G. Segré and A. Silberberg, J. Fluid Mech., c. 14, p. 136
(1962). The concentration difference between the collected samples is
expected be about two orders .of magnitude. The resultant band is less
than 0.2D wide and could be further compacted.

[0065] Particle counting of collected samples after filtration confirm
the results from the preceding observation. After the samples were
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The bottom sides are toward the center of the spirals.
The fluid runs left to right or bottomto top at the
mean fluidic velocity of 92 mmis. As shown, a

di spersed particle suspension was introduced into an
inlet (P#1) (Figure 3(b)) with an average fl ow
velocity of 92 mms. After two spiral turns (P#2)
%Flgure the particles closest to the inne

; |
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EFERbY Qfahitie LXMW eRiohGhgiom S¥ S e rams to 99.1%

sl 02 haeh/ko tﬂwé s@pbﬁatﬂsh gaetorher ¢ansd i slucbacértirgliens of the
force acts to mtlg{ate agai nst the dispersive effects

rartiglgvandaffiant outiets exceeds 39>, @nd ¢rn beHurtheseptimized.

i %né(if’@geﬁta%fdé& SRS Jgeéc{?ﬁ%{??ng {dﬁ?o@l)@ fh%hﬁgrrgfé:?es into a

the | 'S nOW su e Cco

efdrest ba‘nd ﬂﬂought thief HSan?e'tdd tlubUlefrOpmeh efficetc eThis nested
ef fect. result, a devel oped as .

&%@J%elrat ﬁ%ﬂgyre@ ﬁ(g»r@ctg(te)geqmméla ¥ifoenRaE @achalde of the

L I e e
St st 1 e T, s

T0p88Hc [ adethir arbhedimeas Mgt ¢ ivsifes BRIGREBentation
l&fga@‘spﬁﬁg Tﬁ‘e JBViBeT BBEGidig fd Uhe %?g!?entlf dééeribed

136 concentration differe between
tmmbcmmeaﬂse\mtlshmpl purificaticn pystesnl 4020. alAsitshown, dihgesgstem

ThellBEA oot od SAAAN InfBRAAsS 4685 bRk d FRgutation
¢aHKR1401 Ofhe @biraf IRYicnmuigeacedridiig ftb| theapiedentigndéesdhibed
the results fromthe precedi ng observation. After the
sanpedisnemsdncludes an inlet 410 as well as a first outlet 412 and a
second outlet 414. Also shown in the system 400 is a recirculation
channel or path 416 which is disposed between the inlet 410 and the
coagulation 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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12 filtered with different flow rates, the collected
sanples were diluted to 50 tinmes for coulter counting
(Z2 TM COULTER COUNTER(r), Beckman Coulter, CA, USA).
The concentration of particles fromthe outer outl et
decreased as the flow velocity increased. As discussed
preV|oust the efficiency of filtration depends on

the c ni length L. that is a nction of

B%rtlugé‘i RacNoys: MRasnels duant thiswiahy SLHSF diga and the
e efac r f f hgjae

fehehigh 3’}“'" (b BB bt Ghch R4 | ThEBGHeentrate

s@mmtlsonptlanatby rmnc:ratlated)fbammcf@mtemmples tof theereduced

part| £ a fI ue o s exceeds ,300X, and can be
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t hrough the asymmetric tubular pi nch effect. This

peesently dirssribeshienabodimenis eis3shpyract I tthis embodiment, a

SMERLP A GBS I 60 2.0 Hedd Surbr BB ot
s syt i st syt o

FRraclep ke islatachina deto clO AeMela] tandehe AS shown, the
Fé"y@fe?ﬁn wéw%réﬁgmu?mﬁfésrmé%?cd“ 56? ”cdp?m%%!u E; "Eétéogplral

Sys stem

4eparatot | 53h h:a'vmg a41051Ieta506a asevadleds e digstl amtlletnsos and a
t ank

0 de c a rding to the
SPoonr putielosadl pafe Satoe mutias SIS Ehnattedite; a ssepond
f
3DifeP Repata 52‘?%”%96‘“ g anfs 2. “RROIPIaNsephrator 520
dhcindes aoﬁrs;baxuhleaﬁ%vand:a secotidsquitatd e assbowrne

Ry -
Wé‘élhté%é§~°a fisst sre%‘é%ﬁ(&@ of ﬁaﬁ‘t“@e&b%tt\ﬁ’/@eﬁrtﬂoéé lo¥lgreater than 10

| tered through the screen . The | tered water
|rEle¢féﬁt€FﬂSabﬁmﬁ xatpud Srayef t:hee fb’§t rﬂylra«\t sepReter iimta waste

ﬁ?l%\ﬁﬁ %Hdtalh%lqg%esf ges% Fahf @ %grérﬂeFersAb]eQng Aﬁpﬁtht% fle'é&eond

spiral separator 520 for further processing. The second spiral separator
then separates particles greater than 1 micrometer and outputs fluid
within which those particles reside by way of outlet 524. The remaining
fluid or effluent is output through outlet 526. In this manner, the system
500 is able to isolate particles between 1 and 10 micrometers for various
sampling processing. This concept can be extended by continued
cascading of spiral structures with smaller size cut-offs to achieve
fractionation of particles with decreasing size ranges.

[0070] With reference now to Figures 6 (a) and (b), a still further
embodiment is shown. In Figure 6, a spiral device 600 according to the
presently described embodiments is illustrated. In this embodiment, the
spiral device 600 takes the form of a helical spiral. In this regard, the
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devi ce 408, the tubular band of neutrally buoyant
particles is maintained to flowin an asymetric
manner, relative to the center of the channel. This
asymmetry allows for convenient separation of the
fluid within which 13 the tubular band flows (which
is output through outlet 412) and the remaining fluid

(which is output through outlet 414)., The. c ncentrate
§prrabhpdy rstiosrel the deviee GQd is adhdlical spirgl thatahps @n inlet

6! B&irsEdusied 60%%5%%88 @fthwéﬁﬁr egte‘.ﬁ%}wﬁ‘i‘r? Figure 6(b),

cfease wat er recovery. 6 t erence no

B gpiral devisefsudthas thabstowenin Figurbes(aproamebeldisposed in a
desc |bed enbodi nents is s
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E}ﬁcpgq @'@5%‘{%%@6 gigvﬂﬁbe gﬁcg:w? &u?lgg% o?gl'ge Yevices
‘WO‘ar%Scc%ﬁéétéH o bééonwsuﬁaﬂmquond outl et 510,
The second outlet 510 is connected to a second _spiral

s[eg‘éﬂht owlﬁumfspemthlwes (@) thyppghTHE) spisirailar system is
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Yot #at580a wmﬁaltW@ﬁc&W SIIEH|$ alevitaaJo9 mcludes a splrally
faci Iltates a first separation of particles betwe
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Vet tdiRoge %h‘&'fﬁﬁﬂrﬁéhﬁ*@ld?yWaﬂ? o ied éaﬁ?ﬁ g{?@s for

remai ni ng l'urd or e uent is outpu throu
586 deviceshase wannected te asfirst ewtleb0tains’ 2| é’ heosecond outlet

ViRe B Stk o808 bt OBl 724

qod PP editbshsnat b fpreciated that the spiral dewces 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,
2006, 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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cascadi ng of spiral structures with smaller size
cut-offs to achieve fractionation of particles with
decreasi ng size ranges. [0070] Wth reference now to

Figures 6 (a) and (b), a still further enbodinment is
shown. In Figure 6, a spiral device 600 according to
the presently described enbodinents is illustrated.

In this enbodi nent, the ir vice 6
TOAMRESS a8 HOPWOAN FgHIE 6L SCPL.of (e 3R (VST gurter, any
| r 0 C [
ShitaBle pRateripfapbellishd gt e BrbC a8, s g emplated
deseimond outl et 610. As shown in Figure 6(b), a
spiral device such as that shown in Figure 6(a) can be
di sposed in a parallel arrangenent to increase
t hroughput of the system As shown, spiral devices
600 are all connected to an input main 620 froma
fluid manifold and the respective first outlets of
the devices 600 are connected to a first outlet main
622. The second outlets of the devices 600 are
connected to a second outlet main 624. [0071] Wth
reference to Figures 7(a) through 7(b), a simlar
systemis shown. However, the enbodi ment of Figure
7(a) shows a spiral device 700 that is a spiral wound
device. This device 700 includes a spirally wound
body 704 having inlet 706, a first outlet 708 and a
second outlet 710. As with the enbodinent illustrated
in Figures 6(a) and 6(b), the device 700, as shown in
Figure 7(b), nmay be disposed in a system wherein 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 main 722. The second
outlet lines of the devices 700 are connected to a
second outlet main 724. [0072] It should be
appreci ated that the spiral devices contenpl ated
herein may take a variety of forms including the form
of any of the spiral devices described in connection
wi th co-pendi ng and comonl y
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assigned U. S. Application Serial No. 11/606, 460, filed
Novenber 30, 2006, entitled "Particle Separation and
Concentration System', which is incorporated herein
inits entirety by this reference, provided that such
devi ces are configured, dinensioned and operated to
advant ageously address neutrally buoyant particles
3%39' fluid. O course, appropriate nodifications
e made to such devices to acconmodate the

presently described enbodi nents. Mreover, it should
He apphaystanador separation obreutralysyiqyant pakticlassfrom aﬂuud the

%gg@lhl, Qgg 9lgm ntenpl ated herein may be disposed in a
scade f, as shown in Figure 5, or in a

par al laml mlelﬂio necuies at leasthpontiomoFihefiuid cof@ning the neutrally
A&?E’ and 7éP Still further, any suitable materi al

BBt RRWEIESo for m t he spi ral devices cont enpl at ed
her ei t j f
neut r 21 TORASERNE whtin WRERUGE L AGPE M bt uch that the
mutmallys |b|mg:ya|ahparrhlbbts flaw iire aetivbalastbandaaffsed froon @ centef of the

Iﬂe fl |d containing the neutrally buoyant particles;
z?? channel within which the fluid flows in a

mannera ﬁﬁéﬁbuﬂét%r fHeer|uid uthi r@Wh‘x’ch@M@BﬁlaPBéhd Flodss; Bhaw

in a tubular band offset froma center of

chann& secondi guitet ferthetremainingdluid. ui d wi t h| n V\,hl ch the
tubul ar band flows; and, a second outlet for the
remaining fluid. 2. The systemas set forth in claim1l
further conprising: a second inlet connected to the

second outl et of the sglral channel to receive the
Pemai dinggsystemas setdedi in clainrbiurbhessARIPTIRINGAI n whi ch

the rengl Yfifinidt UohnbbREStoStHE 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;
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that the remmining neutrally buoyant particles flow in
a second tubular band offset fromthe center of the
second channel; a third outlet for the fluid within
whi ch the second tubul ar band flows; and, a fourth
outlet for nore remaining fluid. 3. A nethod for
separating neutrally buoyant particles froma fluid,

L1, oS SRR et 5SSl BARY R0 s

Ritiet 61 B8 chanp@l;ididet ; establishing a flow of the
fluid in a spi ral channel wherein the neutral |y

buoy aeutpiating dhe sremajaingnfluid tthsugy abmprmput@ﬂwi fe spiral
%ﬁ F\ﬁ%l channel in an asymmetric manner; 17 outputting
{H8"F'ui d within which the tubular band flows t hr ough

a first outlet of the channel; and, outputting the

remai ning fluid through a second outlet of the spiral
channel . 4. The met hod as set forth in claim3 wherein
tge fhow etﬂ é”"s@’ forkﬂ‘ri' élnp%rt\/\}fl:e?éa'fﬁeaﬂ&wbb‘ﬂ Akutrally
band is a e as unc on of ul Vi sco

ebueyalgle paitmlmsellnval tubutar, barad tis c:hd;usmiblejsas fal fumbtlon of fluid
densi t draul i c i aneter of . hanne | ar .
SR, aVerge s A1l VTG BRBIE Y adibodiid BEREHY, Hhygrautic

Hameter of the channel, angular velocity, and differential velocity across
particles.
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