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NF and RO membranes are most commonly used in applications sﬁch és desalination
of seawafer or brackish water, production of ultrapure water, color removal; waste water
treatment, and concentration of liquids for food products. A critical factor in almost all NF

25  and RO applications is that the membrane achieve high rejection of small solute molecules
while maintaining high flux.

A spiral wound element is the most common configuration for RO and NF
membranes. A classic spiral wound element design is illusffated in Figure 1. “Feed” liquid
flows axially thfough a feed spacer sheet and exits on the opposite end as “concentrate”.

30 “Permeate” passes under pressure through membrane enveldpes and is directed to a permeate
colleqtion tube by a permeate carrief sheet. In comparison to alternative configurations

(holldw—ﬁber, plate-and-frame, and tubular modules), spiral wound elements often have a
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of one- neter allows the |length of individual menbrfane envel opés to be
uncéfst opémation. b Whitet thetieaire exceptions, makers of spiral wound elements and the vessel that

enclose them have converged on a few standard dimensions. Nominal diameters of 50 mm,

60 mm, 100 mm and 200 mm arée most common for RO/NF elements. Elements having 60

mm diameter are usually available as approximately 350 mm, 530 mm, or one meter long,
measured along the axis from the ends of slightly extended permeate collection tubeés.

25  Elements with diameters of 100 mm or 200 mm are usually available only in a one meter
length. Vessels are created to hold an integral number of these elements in series. One
reason for these standard element lengths is that the industry has commonly made membrane

with a width of approximately one meter and the stated lengths allow for efficient use of this

. membrane. ‘The permeate carrier and feed spacer sheets can be also be cut efficiently from

30  meter wide rolls. -Assigning the axial dimension of a spiral wound element to be an -integral
fraction of one' meter allows the length of individual membrane envelopes to be

unconstrained by materials. - -
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pressures minus the osmotic pressure differential across the membrane. Solvent flux goes

down for high solute concentration and low transmembrane pressure. By contrast, solute
25  molecules commonly pass through RO and NF membrane based on diffusion and this process
is ideally driven by a concentration gradient and not affected substantially by the pressure
gradient. As a consequence, the concentration of a well-rejected solute in the permeaté is

inversely proportional to the net-driving pressure.

The net-driving pressuré of an element can be influenced by. the préssﬁre drop

30  between the fluid entrance end of a spiral wound elément and the exiting eqd. In Qperation; a
feéd solution under pressure is applied to the entrance end of the spiral wound element and it
flows axially through the cylindrical element. The resulting pressure drop depends on the

volume of feed flowing through the element and the resistance of the feed spacer sheet to this
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pressure drop some vessels are manufactured with a port in the middle of the vessel alloWlng

the feed solution to flow half as far in two directions. Alternatively, this problem can be
addressed by the use of either booster pumps between vessels or by permeate pressurization
of the lead elements. In any case, these remedial measures result in greater complexity and

25 cost.

Ideallly, the problem of pressﬁre drop would be addressed at the source - the feed
éﬁécef sﬁeet. Unfortunately, thé selection of an optimal feéd spacer sheet can be a complex
task as several key aspects of the feed spacér sheet are difficult to predict from its structure.
In addition to having low Vresistance to feed flow so as to maintain low pressufe drop across

30 the element, the ideal feed spacef would also have other characteristics. The primary purpose
6f the feed spacer is to separate two membrane sheets, allowing the feed solution to flow
across their front surfaces. Towards that end, the ideal permeate spacer sheet (also referred to

as “spacer”, “net” or “spacer sheet”) would have a high density of contacts points with the
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87, 79 er e tornulas recogni ze its dependence on several
geonet rincreased passage of solute molecules (caused. by a greater effective concentration). One

purpose of a feed spacer is to cause localized regions of turbulence, breaking up the build-up
of polarization. Unfortunately, energy required for mixing at the membrane’s surface must

25  necessarily contribute to energy dissipation through the element (pressure drop).

" In further regard to pressure drop, two key characteristics of the feed spacer are its
thickness (height of the channel) and its void fraction. When the volume of liquid flowing
ﬂlroﬁgh the spacer is kept constant, increasing either property will generally cause a decrease
in pressure drop. "The pressure drop of a “net-type” spacer oriented along the flow direction,

30 as shown in Figure 2, is further characterized in Da Costa, Fane, & Wiley, J. Membrane
Science; 87, 79-98 (1994), where formulas recognize its' dependence on several geometric
characteristics: thickness, void fraction, mesh size, filament diametér, and the engle between

filaments. The interrelations between these parameters are recognized and for a constant void



characteristics: thickness, void fraction, nesh size, filanment dianeter,
and the angle between filanments. The interrel ati ons between these
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conput 0"‘58&?{&‘5 'e?‘g tﬁ? S?ﬁngit%?,ap}gwglgﬁg% §5 Eu'gcéégﬂgr(gf ﬁ{a%t t‘errpt]gﬁ?\%%oggen
nmade t QeRfell b @reafir nidth sizedd albadpiedicresaln gining,iparsneterizelddy the mass

anal ytically or by .enpirical study. The angle at which two filanents cross

and t hdtansisr pegifieieRton rel ative to the feed flow are two rel ated areas that
have nerited attention in the open literature, as both affect pressure
drop and polMassztearisten and pprexauregirop withith spaceus| are still tpey araplicated fgpsppapute

Sci ence, 62, .275-291 (1991) .. feed el t ' : i
vere exSRTALY %ﬂﬁzﬁfét é%ml?%l? WtasFY%ﬂf@%&?g(ﬁirl%ﬁoe? iy ?}%ﬁl g %J Eé}@@%% oftitfiedd ! O
ul tfoaf i dohéedtdopfgtaibia itherT il ficdlly diSBdempitivabbtudpmiEtecamdle heedicpteer s
but extra configurations were obtalned by varying their orientati ?E‘ i n the
channelfilamenly cressouil taeiv pienation selatiye te Hie fged ﬁagfeare &ve related press thathaye

T
geomg"t ric cﬁ%’rgété‘?sf%;ﬁlaeé’ Egﬂa‘ﬁgﬁﬂ%"é’r ﬁpﬁﬂa = flcgﬁ%%,flf’féﬁg?&lng%gllﬁf %?d

pressur & diQRedihat ddfepai diiettafion witd bemanéd andces filabti@nef goxteh thiopghi on.
"The trade-off between pressure drop and nmass -transfer was detailed  and

t helsmodal ultaélation membrasgi cThe ptudyavsed ctevershcpimestinlofred spaets byt sxi2

confirmthe previous.expersi I . t. af ‘ :

ranges ‘iﬂn%ﬁﬁ’ia] 108f WSqubgal %%ﬁﬁﬁg&gftﬁﬁgw%ﬁat orlngﬁhf%ﬁ ??’ ?2? }rglﬂoﬁﬁétgr °

di f f er eqifanfit @Nn6RAGH Hdi@Bacti. T aas Eowelsthit! thevmimhom dbpersting costwa®ebteinrd| uded
pe spacer  shoul d conbi.ne |.ow

t hat t-t jd f [ .4 i
hygr ogyvqghiacé/¢fh$mp@ havingeehydsed vgaiq segele Qfgﬁ(%'r srggcf;@;,s 5 (’ﬁ?eé‘?wéﬁ%tgﬁor s
(Da Oos{?‘ﬁlegf' (15@@6 Emer %]leﬁp%ractcgﬁ%ﬁ‘ m@%%Pacééacc%ﬁﬂég 1P 8domdtA® Waradtenidtitst hat

the size and>Trocation o anments positioned perpendicular to flow was
partg cukml developpd & tsami-etpiriab motlelafos pressureidogr thahaccoameld farghiffereptsomreesd it

was concl uded that UF 'e| enents ul d have better m xing .and would, prgduce
30 nor eOk eRSEEAAISHPRGR eﬁe FB%B@%“E?G%@F??@%%@QI rf‘?ﬁ%#?é’ﬁ%% “(ﬁgrde‘jﬂtaglﬁ p8e nt ed
SO that 3 0N¢Shloddl was used to predict optimal net configurations. Predictions confirm the

previous experimental results but also elaborated on the ranges of optimal angle and- void

fraction for ultrafiltration under different flow conditions. At low cross flow velocities it was
25 concluded that a net-type spacer should combine low void fraction (0.4) with a hydrodynamic
angle between 50° and 120°. A third study by the same authors (Da Costa & Fane, Ind. Eng.
Chem. Res., 33, 1845-1851, (1994) found that the size and location of filaments positioned
perpendicular to flow was particularly important to mass transfer. Under the conditions
examined it was concluded that UF elements would have better mixing and would produce
30  more flow when spacers composed of perpendicular filaments were oriented so that-one set of
filaments was perpendicular to the flow direction, as compared to when both sets of filaments

were oriented at 45° to the channel axis..



filaments was perpendicular to the flow direction, as conpared to when both
sets of filanents were oriented at 45 to the channel axis.. 6. WO

03/ 092872wB@3/021808/ 11084 I n Pol yakov & Karelin, J. MenbrameTRS0®nwe4 75,
205-211, (1992), a different set of feed spacers were exam ned for
filtration of sodiumchloride through reverse osnpbsis conposite menbranes.
The aut hor s Ii folyaktor &dKarelindE| Mémbrape [Saichea 750 A03-A 4L, (\l&%z)doseffmﬁtset gh the

| t fil t d fl d d
Fhat ©r 46 sestsTSyBETR SRR foh L Eaot G AR Ports, eyt B BB RIS T o
and t h%l) &)Bﬁteoﬁéﬂnﬁfidnﬁs birge ka®6rs iafrodRERRaNR6dd Yorf pdlaiRibe tha wesdiepagieans of

polarizatron attenuati on. Based on exam nation of different s&?cers
i ncl udlamghe wngle hettwean dilaments and the feadofew direetiann Te Bisprbypathesiaed thatapginps

t he u best confi h f1 ow
di r%ct i eent}ﬁaments rcglfgl‘pé’ﬁ#%fﬁég (g‘l lola’glg%a}dlu @%’V %o agtl% %ﬁcdcgggon%(g E

angl e, d?ﬁlﬁrﬂn@lyﬁ YAt @usedfeglons SF igdtioh dfehtdion. Besed omakiminatidiDs,
129- 134, (1996) the' authors exam ned flow through,bipl anar c]'ee Ior med

by st actf.dmféer@mpmyo rigcluding twel tha gee similay forthpsersed iy eeramerciy
vi sual | tq?#{igﬁe&gt%§ %L‘lerptgrsﬁl‘cf‘%?ﬁ{lﬁédtzaﬁ e!Péﬁsﬁtfoenﬁ?gloW d&é&i\%t ypas and

rel at e raver angl e and the di nensionl ess
mesh Slt?aners(nEl‘eﬁﬁ eclis ré@ins/aleﬂﬂ te&slzt‘l‘é&brdmdyﬁanmsangkef asmdwasslﬂieﬁn@sh si ze
divided by the filanent dianeter) 15 Channel flow was found to dom nate

whefy the a”Qh%ﬂ@f&réﬂ%’I@lﬂletbé’saﬁﬁﬁmrﬁl@@ 10851 33A9D6) the esthbisi exgmirredr oy
m xi ng. ~Corkscrew fl ow dom nated at.the other extre resul ted I n

poor  mebwugh dripihear spacos darmed Ghibtacking 1o daierpal B89 e aélglgt:ﬁge st e
e e O e T AN Ty 1

angl e wave a "perfect m xing results
i n, honpResiotsmUs ewefpatdigeterenihe anwedthgsanplemml thé\dpmeﬂsemﬂ@d ngphoize, (Bheed on

this mxi ng criteria, had a hydrodynam c angl e of an onl ess
mesh sidimensionless nreeh size wag dgfined 5 themes s%z@vnlsé tbssfﬂam & @E 5'

Conf’ié < ﬁﬁlﬁﬁlelf fl&g] %00 o H&ﬂmafé\’ w‘gérpﬁ‘l%' %get\%’s 5% af theuBsshapri wes fidranent s

I'n a rodynam ¢ an etween-30 and 80. Wbrking exanpl es were
based ofs@tifi€in potReniHRC e‘Cofl&d&W\ﬂo\h’ demingtbdatl theanther e3Gemaghé itopsud®d i ln et

i VinGeCrdRst ERpSiz boiceh SRU B ER SUEH PHDer SRR Syeed i 468 5

g 5 g 5yl S o ot 6 (i

pr essur wavhlezioblloeinges ﬁperoeat amxﬁlgk Rhatwiesttsf inghemegeneuscugesof tedmprabiasen

28 ag‘gr :Eq%%\cv? ﬁg 17];{%3 Ffé’ll %H%Fgf, dfﬁl]a?ﬂ s-rr(l)llxal1 cﬂ]tgﬂgtﬁdd%%ydg&lyli%?éﬁ%lé §f pgTed at
and a dimensionless mesh size of 5.5.

Toray Industnes JP 9923 5520 descmbes an element constructed from a web formed
by crossmg two set of overlappmg filaments to result in a hydrodynamic angle between 30°
and 80°. Working examples were based on a net-type spacer made with a hydrodynamic

25 angle of 66° net thickness of 0.7 mm, and a perpendicular spacing between strands of 2.7
mm. When water at 25°C was passed though the net at 15 cm/s, a pressure gradient of 46
kPa/m resulted. ‘A related Toray application, JP 00042378, used the same examples- and
describes an element having a pressure drop of between 10 to 20 kPa when flow is 15 cm/s

and between 30-40 kPa when flow is 25 cm/s.

30 | Toray Industries’ EP 1029583 is a1med at spacers havmg higher hydrodynam1c
angles Elements were formed using a net of crossed ﬁlaments that has a hydrodynanuc
angle between 58° and 90°. The working examples at 66° appear to be the same as described
in JP 99235520 resultmg in a pressure gradient of 46 kPa/m when operated at 25°C and 15
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angles. Elenents were forned using a net of crossed filaments that has a
hydr odynam ¢ angl e between 58 and 90. The worki ng exanpl es at 66 appear to
be the sawe t@a®9mescri bed in JP.99235520, resulting in a pcadasas/elogs adi ent
of 46 kPa/ m when operated at 25C and 15 7 WD 03/092872 PCT/ US03/ 11084

cm's. This disclosure also presents operational data for simlar elenents
made wictifs.ndthis diselosurg disedpressntnnperationsil algtaofor ssimijary plgmpstsomadem @itk ¥6S no

di f f e i d od t 4qh to. ' ' f
the | o aTE IGEDGRERTG snglas Ry iTa BbngPs  DRFe 4 TGl ke 0,
rej ect PR bt thé Blemeht Mllidelouiak of theliBedl TAHRSH AN dapdridyasmanareglenent

constructed using a net having one set of filanents parallel to-the feed
f1 ow diof 67¢4 demansdratdddowensnlt rejectien and lowgeAvS crossing the flow direction
at an~angle |less than 80. Mre preferably, this angle is between 20 and 50.
Exaspl es pr dNitidddenkets B 051858869d¢seribes amedemintveongtrecied bsing agehhyjies one

either 25 and 40, T eft t tWo spacer s denonst.r re
Coss onerel Rpmenirarel! FE el At SRRl SERERRALH g
had t hgiRARkbG N3 afiassRMBRBACSOT NM6id\SeRsabIyRhisiaagled® bethakn 20hand 565,
surroundi ng nenbranes sheets each will 'see a different h drod%g@g&ﬂcﬂo

s

envi r orfirentples prbwided ase pOiitreth hink nat IEvingtrawesing epgles eheithsr

advanc et - i ng techni ques en_ ¢

apacer SROPEETAR AR A e R SRR, Ea bE L RPufLtol ety 065

sevRr alcm/ic. SPRE B8RribEPEpREPHR the C}ﬁtieitmctﬁ&dvémagd ofiieding ‘aismetricass fhet  and

pressure loss in spiral wound nodul es, Desaljnatiaqgn, 64, 339 (1987); S. V.
’ AP,

Pol yakdhe sl smroundieg memhraney ghasts eask avill see adiiiderendyfpadpamic; vy ce on

salt rejgction .a .6 Q%@ge : L LB B RERREKBR  tE@nidRy Nd
nmodul e"A\Ff’(.” ?\%B‘E}p&gc&t,lﬁ%? ) (%g%%e P%@gé %g‘éancomﬁay ! grade vmdutéh a
net - t y pehdreeiiparerthdexidigastn aver age t hi ckness of between 0.5 and 2 nm a
20 perpendi cul ar spaci ng between filanents. of between 1 and 4 nm a void

fraction neapech .sPacerdfod GommitrSEONF RAATRO algleatsHave bben ciaradtsized iestverkls o
that the flow direction bisects this angle,. resulting in a.t ralgggrsi n
anglse ofoun®s (fon exaneplz Gmieherk.phddiqueli Mass eapstersnd gisFare o dn sPRE MOUBE | i ed

t hrough_const rct i.on. of - J e ri dsg '
sever al moﬁfr)iﬁ" o@?%&ﬁ?ﬁ&onanézﬁggf%t@%{ﬁ)t %2? %NE}(?‘]‘; taa%lgl gél\gOng¥é;ﬁér & ilﬂéblﬁiéiﬁ,lef | ow

t hroug raﬁfoﬁerhgébinm?@ its2mflteficeeboy @it thiddtienemid prendireUpsses afisa wemposifeani ned
by rotating or nodifyi

Used wemshEnerigral VEPREERIe h) MBI SHcT Srgi e b e B FReREEoY:
0seoS o PG T B A Tt v e Stary
di r et | pétperdcpirt Pacihp detvahufilaments odrbebresnal amdiAuhae euoéd Grctiney Bear &:9,RO NF
el ement a?ndag %ycslg()idlyflllarxiecr%g?eo%ﬁalfﬁg net is oriented so that the flow direction bisects this
angle, resulting in a traversing angle of 45°. In the Zimmerer paper, different configurations
were studied through construction of spacer sections from stacked grid rods, using several
hydrodynamic angles other than 90°. In the Da Costa articles, flow through nets having a
25  variety of different configurations were examined by rotating or modifying existing netting.
The Toray patent applications used webs having a variety of hydrodynamic angles. Several
patents (US. 4022692, US 4861487, US 4902417) also describe low pressure-drop,
asymmetric nets, having one filament set oriented parallel to the flow direction. Despite
these studies, commercial manufacture of nets for RO/NF elements are still very dominated
30 by the standard 90° netting and a 45° traversing angle, with limitations imposed by both

convention and legitimate processing concerns.

‘Feed spacers for RO and NF elements are comr‘nonly‘forméd by a process similar to

that described in US 3067084. This process begins with simultaneously extruding two sets of
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30 by the standard 90 netting and a 45 traversing angle, with limtations
| nposed by both convention and |l egitimate processing concerns. Feed
spacers fwo oRmm NF el enents are comonly forned by apr @ceasozimwsd ar to
that described in US 3067084. This process begins with sinmultaneously
extruding two sets of 8 WD 03/092872 PCT/US03/11084 filanments to forma
t ubul arfilivieitana formes tubuiarthiplangrmet e &s this pcessntvenconcentgicaliesaare wiebdothot h

havi ng.a mul titude, of or fices arranged in a circpul ar

r ot at edAVBEA Wﬁ@‘@? ‘P’%%“ @“ﬁi 1 QLT RAUSH- ¢ §0E éllfog)tt?tg{ &;1%1%3?0 g]llaeeo ne
set 1o fH g@%&&uﬁsn (8RRt imenth 8 BEAL& o cRRS YHERE of ithaoth6E. SThE Beatedised
to contact and~joln each other, either at the die face or shortly 5 after

exi ti ngolymeerdilementsare t4veyd &y eontaqt |and jainteachrptber, sithen atithe digfacaer shortly

andos prisan e se B diex B s bt oot IR ESHEH: hbhATER RorbFRhOTE R, 27

filamenks, of ﬁb&ﬁﬁgﬁ&%lésbei ﬁum&e fis ﬂ{entﬂiﬂfleﬂ Whe shread atvess fity egpehsionsmandrel.
requi r enent decreases the wei ght and cost  of the~ net. on a .upit-area

basi s. Tis Sirther imisies thetwp griaof Alaeenka jncrenses ihe At a T s U (525 B¢~ a
f
i o agarh -EiRmshd %%%O%e%epe%'s?& § WolghEtnd cht CF AETBEln wifladcaBsie S50, & 111t

arranged i.n circl ver G ie
opens perio t}‘/ve& tﬁé‘fl%ﬂ?s QaYeU)f’\E anngWgtﬂé%legﬁ%g% at&?ﬁsss %grréﬁt
bei g atha@&’ésbhﬂéapﬁﬁus 5700821.The Bt £448] & Firf! di6 @gainbéitidss pblmer rﬁimhamts
filament 1nto contact with the ot hers wher e they are fuse tog&t he

vari at i through atpiu@hpr @E@Imngmamanmdem 3(1@}50 le,restehave. i Heweverpi 8 | n a

| tea
et | & EReT Bisoonels BeEpeRny & FERC RS fub b ¥ idtiklhha BT
flat nedontintiGuseeirdid. 0 The Rettrikiba Mesyess Bﬁﬂgm ﬁaetcmmdr ks rirtio @ntaa‘yvmh the

paral | el ograns. \Wen slitting is paral | el one set of fil anment
non symfh@rlsi vherertkay ¢ fpsdiagetheratA yada d’rg‘quém‘ﬁ’gh BHGIB‘Fﬁsym&ﬁ%ﬁmstl de

f i | l; Q%ﬁ%egeidh\/\ﬁ%ggltqustgidac{ﬁtc%c% gslncﬁ ({@ﬁehaﬂeztg ity éﬂﬁdﬁﬁ@d et of

s ar samne ograns are actually dianonds and a

YL, BT BTN L TR 8 A i <

"I nt er ngdig e fikaRkas @ﬁh%tt“ﬂﬁdm@hslonﬂraﬁ‘aympﬁ:@llelbgtam;s CWhelde]htengnmwalﬂéie
machi ne direction for the resulting flat net. V\Qen sSuc g is rolled
b So

up, t hetorongsht ofefilamentst 3 por-symmetsicalisids fognsd %%@ﬁﬁéﬁ %tfafl henly,gog
directi e %ﬁhee S ?' 'Wh@r?thmﬁmﬁ%@{ f‘aﬁfd%és?xt li£os G0NE 19b. s@tsst}frFT%éﬂt‘é aRtethel S

def i ned™ open | ne direction. This :
chas@ct eme&tthe pafagblegfmys e @otijaliyt dadrnlonds b emynumtucn net ot deawhicted byi bed
above, al though, ere a;]%ug()act i.cal simlar to th

descri bd#ting thﬁUgl Y Pd}neo‘@% qrﬂsjlr{ghgmgﬁa%gpgqsftg tcloﬁneﬁ%gfg over
a reasopahl fdr aR@Enidtiate cases exist as well, and the splitting cut determines the machine

direction for the resulting flat net When such a net is rolled up, the “machine direction” is

.-

perpendlcular (orthogonal) to the axial direction of the roll.

25 " The characteristic angle of a symmetnc net is defined as the angle most open to the
mechme direction. This characteristic angle may be adjusted in the extrusion processes
described above although there are pract1ca1 limits. Methods smnlar to those described in
US 3067084 allow for decreasing the characteristic angle over a reasonable range by
increasing the rate at which the net is pulled away from the die and/or by decreasing the

30  relative rotation rate bétween the two dies. However, at the otheér extreme, instabilities result
at large characteristic angles because of the geometry of proximate filaments at the crossing
point and the longer lengths of unsupported filaments approaching the mandrel. In the
Conwed method, based on US 3700521, the characteristic angle could, in principle, be varied
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increasing the rate at which the net is pulled away fromthe die and/or by
decreasing the 30 relative rotation rate between the two dies. However, at
t he ot herwexBnease2 instabilities result at |arge charact eCcratSog18sgl es
because of the geonetry of proximate filanents at the crossing point and
the | onger |engths of unsupported filaments approaching the mandrel. In the
Convedbyabhtitg thashst div kfatBe0d5HE, sechmd. c HBinov@ild dikiely hagirene ulsimilarn

principle, be varied, 9 WO 03/0928 PCT/ USQ3/ 11084 . by.r ot at in first
di e reftirytes ¢ large chargisgstierpige- WHQNGYH; I%’%%ﬁflﬁthggtlsog W’:uplgﬁw%or

di fficultl : LSikd 9y thleekBiusioh lA@e&ioined net hod i s
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points, can result fromthe tension placed on_the net Paﬁé,llfrgg nuf acture.
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are typi I'rection that tends to decrease ~the characteristic
angl e. pEbdefdes dbdoribed hbdver mathihetensidocindypicalysnarditcion bat tendote deregste net

by 10 the above, p : .d i bed.in US 4152479, .whi.eh .
i cor phrmaRIO Poa Mufanisanberp o tdienE St s iR dhopet by o
whepe ?ﬁ@ﬁﬂoivt@‘ﬁ%(g:% o€ SirctcScritRaay €% 4150879 wiiger iscdrpdrhied hateid Bywelg@phdecd

pressures, esired to have a feed spacer sheet with very | ow

pressure.dr id%ﬁar%‘ﬁr & Gnd Hfﬁzg)ﬂéikatgogﬁsp\%ﬁér@ ethalitablebllbsarkatRosap6n have a

smal | strand spaci SO nes acent layers is mnimzed and
pol ar i Faéd eiuticerailow appliepprakiuees, His désired te bhave 4 feed spasd shashwith vasulow need

to be econom cal to_produced and. use t. efficient use r I .hat the
feed s ﬂ’&%”’é?l'esdml?méhﬂ’r‘?émﬂp M 1% fieserd Hg? ﬁ'% ed GPEr t‘e_bvet %Sénagﬁéﬁéang % PR
permeatss ;¢ %&fafdﬁa& {18rgs Ndinikized AP PblafizatichGBShing abdepaidld. MRurihes fsact ed
orientation nets during their production. - It is one goal of this

i nvient i sofeed spazeowidl meed ¢ beecirvaticdl éegrodpecskand ussaMest &FFGR UG TSABEGS | ow
pressure drop, small strand.spaci ng and accept e, ppl.ari. 0, | ong
N th sphHateubEh PEE R e RO R g RECAanE e BHE DL B pertud D
rel at escoglect?orﬁﬂabé ghd WAy RepRDEGREaRL BAERYS pletdrfedastintipion o dietsfdmeitlg sheicer
sheet and to nethods for neking and using the sane. Consiste

. t wth
commer cpraducgionvailt a4l enedgedlygat  thishinveeden 4 aprevidsf an rf‘é‘og%}céﬂtfe ERjE

conprises a net having, a-first Iy | 2dd gl
filame a&F%’ég%Eyvﬁe loyf pieskily AP %@a%aﬁ% ﬁ@%@%&ﬁ%%’%ﬁ%r al | el
filgrendispg Whe spivdl vited eleshisipasporatihg the samenvent i on has a hi gh degree of
strand- thinning characterized by a narrowing of filanents in the region

gg% ﬁgg ﬁ;ﬁ?ﬁ% esd® ifNehtiof rdIRaS 1 £5RAl m_fgna &xﬁe’iﬂﬂﬁaﬁ&élam'bmgwfﬂoan ampreyedn

. ghboring crossing points : .- : . .

feed spacer sheet and to methods for making and using the same. Cons1stept with

comnierciélly avaiiable designs, the feed spacef of the sﬁBj ect element compri‘ses'a net haVing

a first set of mutually substantially parallel filaments crossed with a second set of mutually

25  substantially parallel filaments. The improved feed spacer of this invention has a high degree

of strand thinning characterized by a narrowing of filaments in the region between crossing

points. A measurement of strand thinning for a region between neighboring crossing points

is calculated by dividing the effective filament thickness by the corresponding minimum

filament width (in the plane of the net).

30 | In one embodiment, the spiral‘wound elements of this invention have a fegd spacet
characterized by a strand thinning parameter greater tha;p 1.6, more prefér;ibly greater than

1.8.
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I's calculated by dividing the effective filanent thickness by the
corresponding mninum filanment width (in the plane of the net). 30 In one
enbodi merwp odlog28spi ral wound el enents of this invention haca/sos/ewas spacer
characterized by a strand thinning paraneter greater than 1.6, nore
preferably greater than 1.8. 10 WD 03/092872 PCT/ US03/ 11084 |In anot her
embodi nent  of addiher énthodivhénirof this énveation,thefeed spacer fire thepipiral womdhelemerinent

i's characterized b h | hydr odynani le (<70). and a
St rand i FRRRA e Ry Bl 8 b roBRae prekcrainyond Adeigsarond fhEfng o
s | ersriomtaﬂi%fér 91 .ég.f' é\k&? ﬁﬁéf%f”aBgl, A hytRbdhaRAE aAEILES 1ds§ o0 end ithesrdnd35.
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st r and thilming ipagnpaeraisegrenter ay ikt eEvermare preferpble; thediydsodypamisr 39l§ is hat

the_machi ne digection of the new feed spacer, | pr Oxi: [y al to
thos 1 s S sentiibe remd B e angst Pagract haf kel P pteBlabiosary,

i ncor pALBEhinBt ArNiBHEST the £ TbédGhRRr 1 appioxiatblygbrifidgonalato tlgevfloeed
pressures so that the advantages of |ow pressure_ drop are best realized.
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spacer gehiemt best rédlfzeaxi al direction fromone el ement to the next of the
series) having a length in the axial direction (that is, parallel to the

perjgeat e t ulglothe? femtaBAGR préViass RBr 2 ATRhEHS systsl cenprisiap aajlemlityhefispirahet er s
W t hout augnentation to the applied 15 pressure, for exanple way of

.. b
auxi | i avoulgelepentafpmsitioned imserisn ang baving an glfsctiver soptireeys faekpaihy ,(%Ptﬁissan

continuqus.| engt.h of feed spacer sheet . I nts,
vessel §?ﬁl’8‘i’1@ GPhgRaus /EFﬁ‘g Slﬁﬂ’cglé et ﬁ%@g ﬁ?@ﬁngé}oﬁgﬁj Orf.lih)rrlﬁ9 t eg ef%g\{(ﬂ@ %eg{gg??i c
enbodi RO k& iesy haWhp GSlengfidn tHea%ial Birbeonn(tigatiis]asirdlied ¢o the férmeatesibe)l ed in
the art will appreciate that the present inventjon 20 wll haye brga(?

appl i cagreater thawl 2 5emetses, aad vemsteatst thapdlvnstesy WEPOytRIgMERGERN LhHES 30PESE | v
desgri bed, ~Adyan | § o] dyi : tn@bRdianBpdred may
be Bet Bt olxse%%lglgfe’ p %c‘)}&& h(ﬁ‘ra;kal;%l é?@%bgﬁ%rgﬂt hwéﬁec?iieftmarlg{i(g%gﬁescr | pt iaon ,orf the

i nvent i @BignAfEo opRiiveds hengih ofifes] speacsticbethayedxoand thiaughnsevenak eleswnts; ons,
i ke reference nunerals refer to like elenents, 25 FIG 1.is a perspective,
parti al Veyseds, eBdoess ew of a spiral wound el ement. The elenment is forned by
alternately wapping filtration envelopes _and feed spacer sheets about a
central per e presentl iavention isupet, limied ftp | the éPP‘BﬁC é@&%@%ﬁ?@@éa én,é

Per mat&sg@ﬂf{oirleﬂroﬁggf herein. Those skilled in the art will appreciate that the present inventiop
20  will have broad application and may be used in embodiments other than those ‘sp,eciﬁcally

described.

Advantages of this invention and its preferred embodiments may be better understood
though reference to the detailed description of the invention, accompanied by figures

described below. Within these sections, like reference numerals refer to like elements.

25 FIG. 1 is a perspective, partially cutaway view of a spiral wound element. The
element is formed by alternately wrapping filtration envelopes and feed spacer sheets about a
central permeate collection tube. The filtration envelop comprises a permeate carrier sheet

sandwiched between two sheets of membrane.

FIG. 2 is a perspective view of a portion of a “net-type” feed spacer sheet having two
30 crossing sets of mutually substantially parallel filaments: Filaments -are depicted with

significant overlap at the crossing point such that the spacer sheet thickness is less than twice

the typical diameter of filaments.
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sandwi ched between two sheets of nenbrane. FIG 2 is a perspective view of
a portion of a "net-type" feed spacer sheet having two 30 crossing sets of
nmut ual |y wolssgasvz al |y parallel filaments: Filanments are @®epiuso#tiosd t h
significant overlap at the crossing point such that the spacer sheet
thickness is less than twice the typical diameter of filaments. 11 WO

03/ 092872 PETGUSOR/ 4 IleBspectileGrie® DB aapption pfca ifecd spasor sliech ofdhe insesenf a

feed spacer, sheet of the present jnvention a.show ng .strand thinning and
severalmﬁéﬁﬂ%ﬁﬁh%wmglsgﬁ?%ﬁ’é‘w&%?n gerd ?Oé?e%ﬂ%fﬁi%qo REnt is the doninant

design for incorporating a |arge quantity qof or NF.menbrane into A

RO
smal | vol umdlhespEalcupsic demersis g dogpant degiem fordnenrporeling a areg q 0
descri ok N Riefibfl egiht]o g'sﬁﬁﬂ%hﬁne%. S§fec \UondtRIAON olefiral Iwvaiid, iéBerRtt Has

5, 681, I hcor porate erein by reterence). A classic spiral wound el enent
desisgn tiesn skesotibedninFinory detall . elSimttere (seeeiSsPatew Nos.nBd3894wraadph.08l.60& or

b | 2) and, f eed heet . ab |
por oA BEBMREGBEGIR DUBUSR5. Pheseik anbpaeups iy redt Rt REIER ,
rect angul §g%1g%€f§{?ﬁt@ear§ &1 §Brappidobidbifhofe BRATRHeCerfRIopbe(2)Hndefeed 10) .

This 10 "s structure’is comonly held together by adhesive (12)

al ong tspaeee skabt) &5 abouvk, dedfraB)ermanteicolieftiondvhe @). bheeavelanss 2)ERMPrise Ve eal

the three epvel gpe ed .. The f dge.. 2 t
the perdFasly cePRETJreTbmae AL P RIS Baefshe Sl AP BIITAR Yo
i s jon -dehMivilcPOREasHraVi$ ool dseld A3)ethér biieadirkiveafle) cabige thrieonedgebe
(6). Each envelope (2) is separated by feed spacer sheet (4) t,lhat s, al so
wound dBéd6,18helthonglesavieral ofler mgses exsipt toTyeal thedhres saveprg aégeﬁs ihg foyuth g

tact_ with Db ds, of ' ht f
Fecd Sordieien S meclBIeRe @I R Y Bopldih (e RO chte (FLoNE peftfiduet 01
di r ect | @Ri&fshb&@ed0f 1soiy :8@)contact withopbtings (22310 ¢heepetmieait) collectidretube (6).
concentrate end (26) and this direction is parallel to the axis Séof
t he centachlenpelppe@) ds seppratashioieed EH?@GI'(S%)??" (Fhihat s @lposprngdrabe ?C?lif)‘” B this

. ti " - , . . . . : ad 2) )

0T TBPALS BB RE: PR LT Wohear BB BBARE of AR dnbieph 2oy ad D 2

( 34|) V\%d’éshasia S:Sﬁ%ﬁﬂfcﬁ*efeed @(ﬂuﬁ’?tbsctfrasist thalftont pmrfaie:c @R) 1'05 Iﬂwnmnmbra(nsf{ﬁ).aff hen )

angl e ,40). The two t.s_.o [ nt ' t hat t

T er scbricoAn BEALIRED it fom b cergEsaidehdare SStsRuRena ) ek 1y
|| ek fi. ' ' e [l el

R i e N R e e e P A U R et

defining. a. i thi i S}l f)
efining a 2%@?%@ SBAGE ﬁﬂ%? ﬁé?)f tmgéﬁ%ﬁfl%r‘lf‘%gdr‘n(gﬂ@owﬁ poBnfer@et. AL @ ?&g ngr e

per pendi cul ar eac ans _have "both acute ( )
obt use {Kpueriaed 2), inist foempd By erissihgudirst sshof substantialipt paralte (fBargasy (34

appr oxi vrsrlwiitagl s%cotﬂdss%’? E)fe gubg'%/antei‘alu Sa?ralie?%éx&%%‘s’%& A gl’ll lm?glle t(?&i(ﬁe "[fhle%vodsie St on

filaments are affixed to each other at the interséction points (42). The two crossed sets of
substantially mutually - parallel filaments form a moadimgnsional array of - similar
parallelograms (44) (shown by dotted lines in Figure 3), the length of their sides déﬁnin‘g a

25  mesh size (46,48). Except when the two sets of filaments are perpendicular to each other,
parallelograms have both acute (38) and obtuse (40) angles. In the present invention, the
acute angle (38) is approximately bisected by a line (50) drawn parallel to the flow direction
(30). The angle at which filaments cross the flow direction (30) is then referred' to as their
traversing angle (52,54).

30 The net of this invention is pr‘eferably' made via a continuous procéés and cut into
generally rectangular sheets of feed spacer sheet. Typibal extrusion methods used to make
continuous nets of crossed filaments are described in US 3700521, US 3957565, and US
3067084. The crossing and joining of filamenits may take place after extruding individual
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(30). The angle at which filanments cross the flow direction (30) is then
referred to as-their traversing angle (52,54). 30 The net of this

i nvent i orwD3p9mier abl y nade via a continuous process andPCHUSOs 084
general ly rectangul ar sheets of feed spacer sheet. Typical extrusion

met hods used to make continuous nets of crossed filanments are descrlbed

in' USpavsmzﬁ],ame&smamrremmmtbsheanmm forpaingr Blagiently. aPyejtoi ntwgl of

fil t t k ft t 872
b sosnatiain Drgrbas o 1 bttt Gkl mattifim i i B R SHOREDTE
filame ri&e?ttlc%tttﬁe %ﬁ% 5 358 AR PHicS sizBs PAEMBYCloE @ntypichl paalldbgrampent sd t hat

each parall el ogram (44 in the net will be .identical but theagles
(38, 40)detenmpined m¢a§e1sng agglerglistapeesand\spadiPousty ayer alasge E AT
determ ned by neasuring angles, distances and strand counts over a | arge

regison of tHer nim net Bf &ns invketionahe tyfpicahparallelograt () hasean agytecigle (3 8) less

aral | e] og h

(I? orres ﬁ‘m %398@383933@3(: %Hse(?f’gi'ft (4@8%? %i‘%ol 1t0Tﬁ§‘ hﬁ%ﬁ p"g‘}’ n%rrr%ccan %
(56) f C(Bé)afdil%tnét s dé&friened RS aldle ba@er tR6 HIBRENLE m,56)|tﬁdfﬁ§lbper( Mhae)ow hat
Is open to the flow direction (30). In this invention, the hydrodynam c

angl e (cﬁﬁ):tlmuﬁO)beInet&}LsainV@IdlqnhéleahmT@dyn@ﬁg‘P englgdH6) myst bméqttailm dhg acute

paral l el o Thi s el t to
Do ori HERAEn it he Clme R P Crie o B p R Bub 2clR BT
(524054) kS be bAVATEE Sb kit gk hyuraaﬁiaﬁm aﬂigilé (50)amdahé afdrsing algles (§25Wtaee s of
filaments is another characteristic of a net. D anmeters nay be different
for thdowgesWidagingpinimplsresiptencs tpylodst ual |y parallel filaments (34, 36) and
typical dianeters for each filanent set can be nost accurately obtajned
fromthe poI ’l]hﬂedladWS tOf filantents is rothes §h@*actp@$t§mef aghetr UBBEeieEs BaVabe set

ne. fordirebdrole tieres o SERRbYophRa gL AR IR 9,54 Al o7
M is tJl@m@ﬁ?ssfo%adhﬂlﬁm@@@sepédl%&hoﬁIﬁb@rhlblg&ﬂ)timéchﬁ‘émtthe p@lynhepderfsltyland
polymer density. .itLiDi.2/4=M/p Wen paraneters of extrusi og? %rd%ﬂ ol

knoidn, nhhma@a polymen pmdedyn@@adté@ 0&@@@%@0@%5@%@ Argpetss

st rands ni | B gq tThe

Sy ca s EbTAE U5t b0 tBREE paby SUEL, SOPEA Bk 38 ity B e

I n the typé,adeBthd Iﬂsl@rﬁfleﬁﬁudédf;ﬁxlymmhmhoéei filasrems, ahidanis tleer solyner @natyar abI y

between 0.15 and 0.6 mMmm Al so preferably, dianmeters are the sane for both

sets of substantiall y nutually parabl?els=4#4;)pments (34,36) allowi ng for

simlar mxing at the surfaces (285 of ‘faci ng nmenbrane sheets 25 (8).

épo;hﬁ(ra - ¢ Egr BA1 Srﬂa?at.rﬁé:te@a(ffa&'ﬁluﬁﬁnfag’é 0Bt Rwil, Shé §8mb Thiohuie oty Jd8sdahifedtness
20  separating individual strands and determining the mass of polymer comprising the two types.

The typical diameters may also be estimated from visual inspection of the web. In the
present invention, the typical filament diameters are preferably between 0.15 and 0.6 mm.
Also preferably, diameters are the same for both sets of substantially mutually parallel
filaments (34,36) allowing for similar mixing at ‘the surfaces (28) of facing membrane sheets

25 (8).

Another characteristic parameter for a net is its thickness. The thickness of a net may '
be measured by pressing a small section of the net between two flat surfaces and measuring
the distance between the flat surfaces. The net thickness is then defined as the average
(arithmetic mean) thickness, as determined by measurement of at least 20 separate regions.

30  The thickness of the net may be less than twice the typical filament diameter, since strands
can deform at the intersection points (42) and this deformation is typical for conventional

extrusion processes (as best shown in Figure 2). When the two sets of substantially mutually
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be neasured by pressing a snmall section of the net between two fl at
surfaces and neasuring the distance between the flat surfaces. The net

t hi cknesswo3besm2 def i ned as the average (arithnetic neaRCTiUusovkness, as
determ ned by neasurenent of at |east 20 separate regions. 30 The thickness
of the net may be less than twice the typical filanment dianeter, since

st r and paratielnfildafentsrhaze thmﬂmmuypmsbétalmter pibe wtfsctiveahickness tfpy eachesebishell on i s

typical, for conyentio xtru5| esse e 2).
A e s A e S N e R 4 P Y
paral | %Efeéti\}eatﬁﬁﬂhé:ss ey &ach et ﬁ&l&ﬁn&d’ R E@bro‘ébﬂfmﬁletb itsttopicelf diemetey sudhhthakness
for each set 1s hal the total thickness. When the two sets of filanents

have ditlie smeof the ywo differeiit sifiectivesiilament tblck@@ﬂ@@%/@dﬁ HP &k Hedetal et tigkesset s

defined to be proportional to its typical dianeter such that the sum of
thestwo di f fiwehickedss of hinetudeillinttenpresdnt ckieatisnis rmefgeblipbetweemB. 26mdi ] net

t hi ckness. 5 The ess of a net used in resent t

pr ef er d¥Ry 13%‘?9\%“‘8‘1&:% g@sﬁﬁﬁuﬁs 10T cafsL Jressues, d&tPB’l @Qﬁe BODF J]%%psfo?g aél?ieaat er
pressun ﬁ’(hﬁﬁ&)‘?i  for TRSvRn BloRPR B e ElemEAU Incréain@the thikled s oPtie et redusgaine f | ow
wi thin the elenent. Increasing the thickness of the net redu cj@t he actlve

ar ea ofactiesrimearof nénatirane that ban b@pk‘d@dllmooanaﬂelépﬁrrelﬁ?fea#m% ekl

t hi ckness al so, decr he su f o Ofnel Liddett

t hr oug F‘i‘?@seéh@ﬁnséllpeﬁ%?a? g?‘i}té{n P% 4/@? ﬁﬁ%% Ehé:'té aﬁld%?sr@%r sens
pol@r i Zv%ldrﬂé’tncﬁ%ﬂa’&sancﬁﬂzzsew&é&asfb%laﬂzaume dl stance between filanment
Crossi ng points, correspondl ng to the length of sides for the typical

paral | el ogr ame(rﬁés\h siZe (\48 1%) fs%@&ﬁﬁn@@@é’c%@rﬁﬁlﬂnmﬁcﬁﬁﬁn ?&hﬁn@brﬁd@p@ndi@

(58,60), defi as the perpendi cular distance between filaments of a set.
The prieftiks leagthnet sidesufod tHeaypicsl paalitlogpaciA) Aavmﬁelﬁéﬂ\mﬁmiméﬂfdlséh?rm for

(4) i noandsenceds il dineditcihe reroeihsRE Helles poyh ABmdiReRE FRETC!

becones,greRt@Uee M ANE Halk Sstiaf tophdng RAMRA IRBwEne $ Sdide5 1o for B\@tﬁl $ets)loﬁl I Y,
It is thought that |ow strand spacing and | ow nesh size inpr.ov

pol &r i zfiteinentsy S¥hen stragdispacing E5%6Q @S fqeé@p@ﬁ% (Dringrgasssy @qgmg PEWJaﬁmt he
ot her extr

rop 1 revEbes I Aiine MeRRY ABE SRR PPt KEE PR Relifg 1Bt pRAGES U ©

necessadrgp! hadditivhaldy) dit Sipatibuptht tbati tentsiraad sbﬁmng)@h& loet sieslofsizef ithpnoret s
but this Is preferable since it is desirable th t mxi neg f%%the fro?]
sur f acepolgrzg)ion resulting; in gnave Hisawsms regienstof tybylegl %WmArtél? 0 5’6t i on

Coree b Saloh P Thrl S5 SR, 040 ) Byl bt 0 49 i, ksl
crogmsi N@ficd toop®ducd. hét jsohgtnmecessatyuthet asawl smcm L tdenaca] nfior be#1 pets’ §@ch as
Lhe L YPLERL ALl Oan 48] an e TRLNGIELLSSl o S8 PLSACL B
facing membrane sheets (8) be similar. :
" The void fraction compares the volume of free space available for fluid flow to the
total volume between two surfaces (28) separated by the net. For a net formed of crossing
25  rods, the polymer volume associated with a unit cell, such as the typical parallelogram (44)
can be mathematically estimated from the parameters described above. Dividing this volume
by the total volume associated with that unit cell results in an estimated polymer fraction for
the net. For a net where filaments share some of the same volume at intersection points (42),
the polymer fraction may be more accurately detérmined by direct measurement using a
30  volume displacement method. In either case the void ‘fraction is simply one minus the
polymer fraction. The net of this invention preferably has a void fraction greater than 0.8,

and more preferably greater than 0.9, allowing low pressure drops to be maintained.
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by the total volune associated with that unit cell results in an estimted
polymer fraction for the net. For a net where filanments share sone of the
sanme vol uwe caw9eismt er secti on points (42), the polyner fraecirarsosreysbe nore
accurately determ ned by direct ' neasurenent usi ng a 30 vol une

di spl acenent nethod. In either case the' void 'fraction is sinply one m nus
the pol ynera kepatpeon of Teepresdnt dfiventios is that e oet hasemearmtgjatia smoupbp

fract ter than 0, 8, d f t h '
| ow pr 6538 dhignags SESkiRRG 4t R IHGO OB BIRTE: Har st R e Key
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usin f'S’wth sone degree of strand

t hi nnin |t I d t.hat
deronst Fat edf%{ Gl Efep tﬁ%‘ﬁ”%v”ﬁhﬁtvbg?é cpfiffhcfuR B W some
par amet g é?%f%aﬁdi‘cthiﬂmrﬂé ARPRAT Het Bﬁ&eﬂlsfrﬁm wtﬂpled ythait thet pﬂw&iredenstm n

spi ral vvound el ement s has not preV| ousl een a fici pat ed. S
the condimenstrated i thiswperiGrabiopriane @ vany hé ta'??ﬁﬁ%f t‘j‘%at i s

Ak | ofPrEa Rl el ot A i boﬁﬂ?“’ Ffeﬁieﬁ@'m " G

fra ow angl e and | ow Sstrand
spaci ngantichsitddes Wokveiver, itk &ieedsmnflimamdnhof tow ﬂmyémdynamdrmglét 00 4vdt siraadoi ds

e N ar'@“&ﬁ%p&@c@#@i%&%&%?ﬁa@ e Pk ol

et or b dhutlh b Wi A8 KGR KRlop BANERA for) AN aoﬁﬁ’g‘l B resulfisnet

of non- appl ng angen ers has a strand thinning paraneter of
unity. & Bl@ﬁrenﬁ\efth)Idvapreesuraﬂrdphhatdaodssvan@ mesiing and kigh pelerigatios. decr ease voi d
fraction and increase pressure drop, it is reflected as a decreased strand

t hi pfi ng par anghciid alsoStbeapsintedi oui gt ptheaﬂmndrthﬂﬁnhgqtmrarMﬁ dafingds also
Poans. Bisomeess B dosned egrasievdna omogne oS Pe ey MR Eiad
well CAR %k Xon-o%rﬁa%plh%\tﬁngennal cylinders has a strand thinning parameter of umty Srnce
deformatlon at the crossmg pomts (42) acts to decrease void fraction and increase pressure

drop, it is reﬂeeted as a decreased strand thinning parameter A strand thinning parameter

25  less than one is possible. Deformation at the crossing points (42) can occur by several means

but nets stretched to achieve a high strand' thinning parameter will commonly ‘also have

increased deformation that results in’ 2 thinner net. Consequently, a high strand thinning
parametérs suggests a process optimized to elongate filaments at their centers and avoid

deformation at their intersection points (42).

30 Another key aspect of this 1nventron relates to the onentatlon of the net’s machme
dlrectron when it is used in the element The net of thJs mvent1on preferably has a machine
d1rect10n corresponding to the long d1mens1on of the flat, continuous net, from which sheets

are cut. When the net is formed by splitting a tubular extrudate, the machine d1rect10n is
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I ncreased deformation that results in, a thinner net. Consequently, a high
strand thinning paraneters suggests a process optim zed to el ongate
filament swetoopasirz centers and avoid deformation at thei PCIIiSes/s®84i on

poi nts (42). 30 Another key aspect of this invention relates to the
orientation of the net's machine direction when it is used in_the elenent.
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at 15 cm/sec.” At 0.05 and 0.25 cm/sec, it was 2.1 and 12.5 kPa/m r‘espéctively. A FilmTec™

4040 element (100 mm in diameter and one meter long) constructed from the same material

demonstrated ap‘proximé.tely 6.1 kPa/m at 15 cm/sec. This value compares favorably to those

25  for elements made with low pressure drop spacers in JP99235520 and JP 05168869 and to

those for elements made with typical commercial spacer material. ‘This substantially

improved pressure drop is a result of both the high void volume and the low hydrddynamic
angle (56), the latter being accountable for less resistance from form and viscous drag.

| In addition té the ldwer construction and oi)eratihg cqsté for a ﬁltratjon sysfem that

30 uées 'thelsﬁb‘jeAct‘ eleiner;ts, it appears that polariigﬁon for the claifned elements is very

acceptéble. Examples wﬂl demonstrate that a syétem containing elements having the new

feed spacer sheet can have improved flow and salt passage compared to elements constructed

with standard feed maferial. The subject feed spacer is particularly advantageous when
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those for elenents nade with typical commercial spacer material. This
substantially inproved pressure drop is a result of both the high void
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hydr ody @@m&thﬁﬁﬂhgmﬁﬁﬁamyalhﬁ@ trdsia vehehetwhie an@wlncgrmmetﬁeaquem integuptiess int hat
the machine direction of the net segnment, the Iarge (obt use) angl e (40) -
of the developing polarization, due to close strand spacmg (58,60).

To achieve a low hydrodynamic angle (56) using the preferred net orientation requires

that the machine direction of the net segment the large (obtuse) angle (40) of the

25  parallelogram (44). A small hydrodynamic angle (56) corresponds to a large characteristic
angle for the net. Previous methods commonly used in producing continuous nets for RO
elements are limited in their ability to achieve the desired combination of a ‘large
characteristic angle relative to the machine direction and a low mesh size'(46,48). In the
Zimmerer article, a large range of angles was obtained by simulating realistic spacers using

30  stacked rods. ‘Low hydrodynamic angles (56) were examined in the Da Costa papers by
rotation of nets that Werelformed'by‘ more conventional methods. Large characteristic angles
(greater than 110°, cofresponding toa hydrodynamic angle of less than 70°) are problematic

by methods currently used to make biplanar feed spacers.
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wound éring step was~a e process at ’'net
was heatsgandisicBigrof 2CI2agim, an average net thickness of 0.94 mm, and a characteristic angle of

20  85°% The slitting defined a machine direction for the net that was approximately parallel to

the line bisecting the characteristic angle.

In parting from the conventionat p'rocess of forming feed spacers for spiral wound
elements, a tentering step was added to the process. The flat net was heated and stretched
perpendicular to the machine direction. This tentering was done at 100°F. (Tentering may be

25  performed over a wide range of temperatures, as described in US 4152479. It was found that
lower temperatures advantageously allowed high strand thinning while the net was
hcmogeneously stretched.) The resulting flat net had a width of 125.7 cm, a strand spacing
of 3.28 mm, a characteristic angle of 129.3°, and a strand thinning parameter of 2.38. Table I

lists these and other geometnc properties measured after tentenng

30 A ﬂat cell hav1ng a length of 914 mm, w1dth of 127 mm and a channel depth of 1.27
mm was loaded with membrane feed spacer sheet and the appropriate shims to fill the

channel’s free space. The feed spacer ‘described above was oriented such that the flow
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20 © 0 10 0 05 10 15 20 25 30 35 Velocity (cm/ s ) 19 WO 03/092872
PCT/ US03/ 11084 Exanples Il and IIl A process simlar to that described in
Exanpl e Iwoas/oweserl to fabricate two other approximately PgmmEsvs/i1wss eed
spacers. Geonetric properties neasured for the two nets, 5 before and
after tentering, are shown in Table |I. Based on width ratios, the tentering
process stretched each net by nore than a factor of two. Table | also lists
the pressure gradient neasured when water at 25C was caused to flow

t hr ough Extaexplésa amkIll unit at 15 cnmisec. In these neasurenents, the
machine direction , of the feed spacer sheet was oriented perpendicular to
the fl ow di re«ttprcmss emulaimghhmdésyﬂbaﬂyn&MpanMS wéd 4 fibriad 6 other

Tabl e | Exanp Sé(%x nple 3, Wd{h of spacer 11Iobefore
tenteri r?@P’(QE‘F’Hlatﬁ WG@C SP@SFF%n@%B’&Eﬁ%@”B@ft@F én?aéWteg F@h‘( ﬁm ngtsy o
2. 12 52. QrorfVURA 3HE t@ﬁt’eng%'a‘fgﬁlﬁﬁﬁl hetHié1 tﬁaéeas();r,r\glgﬁgf%gg’ il 669‘6&“?‘&3’5&??“

Characteristic angle re tentering (degree
spacer shretchedfeadr notelny marelgha(ncmfacf[dlooﬁt\&QS Tablel 4 alBo IBtsr thedprepacd grdint er

0570, BeaeneRd whshpaled ol huasisained g tey ehanabele e potk ieacl’ St 187
120.0 VRéd hicaGirk@en®f tRS MmBEHiRS | Aifeclidh NBNShE nfeaaS%paQe@%ﬁe& 928 Bridf&d

Typical filanent di aneter after tentering (nm Aver age

m ni mumperpeadispiar & tedlosy disgction resehingrin hgdl(odmarmc aagI@s Qf)4b5 1egld & r and

t hi nni ng paraneter after tentering (dinmensionless) 2.38 1.99 1.85
Hydriédynam ¢ angle of net in flat celTablelegrees) 50.7 47,5 60.0 Measured
pressure gradient for net at 15 cnisec (kPa/n) 7.11 8.37 10.53 Conparative

Examples Il to IV Example 1 Example 2 Example 3
Width of spacer sheet before tentering (cm) 48.3 48.3 53.3
Strand spacing before tentering (mm) 2.12 2.12 2.07
Average net thickness before tentering (mm) 0.94 0.84 0.81
Characteristic angle before tentering (degrees) 85.0 82.0 80.0
Width of spacer sheet after tentering (cm) 110.5 125.7 114.3
Strand spacing after tentering (mm) 3.28 3.28 2.82
Average net thickness after tentering (mm) 0.87 0.80 0.72
Characteristic angle after tentering (degrees) - '129.3 132.5 120.0
Void fraction after tentering (dimensionless) 0.939 0.926 0.908
Typical filament diameter after tentering (mm) 0.33 0.35 0.35
Average minimum filament diameter after tentering (mm)  0.18 - 0.20 0.19
Strand thinning parameter after tentering (dimensionless) 2.38 1.99 - 1.85
Hydrodynamic angle of net in flat cell (degrees) 50.7 475 . 60.0

Measured pressure gradient for net at 15 cm/sec (kPa/m) 7.1 8.37 10.53

Comparative Examples II to IV

Comparative Examples 1T and IIT wera based on feed spacers used to fabricate

FilmTec™ NF270-400 elements. Comparative Example IV was based on a commercial

15  biplanar net (P2809 Halar Plastinet) manufactured by Delstar Technologies, Inc. Geometric
characteristics of the three- approximately symmetric nets were measured, and- values are
listed in Table II. Tt can be noted that the principal difference between the net of Example IV

arid the nets of Examples I—III is in strand thinning. The three nets were tested with water
ﬂowmg at 15 cm/sec as descnbed in Example I, and measured pressure gradients in Table II

20 areseen to be large compared to values in Table L.
Comparative Example V

A biplanar net was made by crossing two sets of filaments simultaneously extruded

from two concentric dies. In contrast to Comparative Example I, the relative rate of rotation
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Conparative Exanples Il and |11l were based on feed spacers used to
fabricate FilniTecTM NF270-400 el enents. Conparative Exanple IV was based
on a conmwopadBAh287415 bi pl anar net (P2809 Hal ar Pl astinet) mamafSsayiwsed by
Del star Technol ogi es, Inc. Geonetric characteristics of the three -

approxi mately symretric nets were neasured, and- _values are listed in

Tabl e Ibetwden thatwdbextmstondlieswmas refdeced to msplsan a gnpflerchaaetepsiGangle. t FceRbt  of
Exanpl e. | and the nets of les. | - I.S..l.1. S Lot Dl nnd The, t hree
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in a s Crare resosdadein Tahle lhndhe Passguts gadieniwagilazgs ompaRg fp VAles I
pararne*t.ﬁb.1 fressure drop was neasured for this material after orienting it
on the $hcell with the, machine direction parallel 5 to the flow
direction. In this way, the small ch%??cﬁeri stic angle corresponded .. to
0

.a small hydrodynani ¢ angle. Result’s geonetric nmeasurenents and the
pr ess Uie—gra-ti-aAt—Faasti-ed—at—25c—are—fecorget—n e —
gradi ent was large conpared to_VaFfEs’ ig,‘:m Bl E Pa S,‘:fm? ma@%pye%
Exanpl ei 4
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0. 44 0. AveragbM@inagerlmhant dameack i | azent di aoeg er 0. 2627. 28 0.2 0. 41 0432
Strand gh)nni ng paraneter 1.38 1.26 1..36 0.95 0. 94 - (di nensi onl ess)

Conpar s 0 ' ) 0% 6oL LT
EXApl e 4 Exanple 5 S{rand spaeing (ngt R4 2.9102962 2. 77
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Hydrodynamic angle in flat cell 90.0 90.0 90.0 90.0 4 46.0
(degrees) ‘ ~ : : :
Pressure gradient for net (kPa/m) 223 - 19.0 17.0 27.1 IStO

10
Example IV, Example V, and Comparative Example VI

Four FilmTec™ NF270-4040 spiral wound element were fabricated using standard
feed spacer sheet, similar to that in Comparative Examples II and IIL The commercial
NF270-4040 elements are approximately one meter long and 100 mm in diameter, and they

15 contain 7.0 m? of active membrane area. Eight additionai eleménts of thg same désigq were
éon'structed u.sing différent feed spacer sheet. Four contained the feed spacer of Example I
and four contained the feed spacer of Example II. In each case, the machine direction of the

net was perpendicular to the central collection tube.

Elements were sequentially loaded into a single element vessel and the pressure drop

20 was measﬁréd as a function of the superficial feed velocity. The feed solution contained only
water, and the flux of elements at 25°C averaged 68 Ym?*/hr with 350 kPAa applied pressure.
Permeate flow was blocked during pressure drop measurements to maintain a constant feed

velocity across the element. Graph 2 shows average pressure gradients determined for each
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Pressure gradient for net (kPa/m 22.3 19.0 17.0 27.1 18.0 10 Exanple IV,
Exanpl e V, and Conparative Exanple VI Four Fil mlfecTM NF270-4040 spiral
wound el ewori/0928ez e fabricated using standard feed spacePCIneses/11084 m | ar
to that in Conparative Exanples Il and Ill. The comrercial NF270-4040
el enent s oxi maj el y one r lon nd_100 in dianeter, and the
15 cont & dher thichgvRss @i%%%"ﬁé‘e Fennles a{tmgﬂg). (PBREONG | BEIRESIS  he
sanme de fif acer sheet. Four
contalngagﬂﬂ&ﬁé Q@%g%ggﬁ%?ﬂgggh@&gﬂbIaﬁﬁSﬁ%&%@&@g ai ned the feed spacer
of Exanple I1I. In each case, the machige. 6ﬂ)ect|on of the net was
perpendi cular to the central collection g El enents were sequentially
| oaded into a single el enent vessel and the pressure drop 20 was neasured
as a function of the superficial feed velocity. The feed sol ution contai ned
only water, and the flux of elenents at 25C averaged 68 1/ n2/hr with 350
kPa applied pressure. Perneate flow was bl ocked during pressure drop
measurenents to maintain asconstant feed velogcity across the el enent.
Graph 2 shows average pressure £andpem's determlned for each 21 WD
03/ 092872 PCT/ US03/ 11084 @b the, ggkﬁgvtypes of el emepts at. 25C. Exanples |V
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5  Example VI and Comparative Example VII

The feed spacers of Example II and Comparative Example I were run in the presence
of 100 ppm NaCl on the 914 mm long flat cell. The orientation of feed spacers in the flat cell
was the same as described previously. Using FilmTec™ NF90 membrane, performance
properties (flux, salt passage, and pfessure drop) Were recorded when operating the system at

10 140 kPa and a superficial feed velocity of 32 cm/sec. This data is provided in Table III, and

it shows that the new net compares favorably with conventional material.

Table III
Net type Pressure gradient Permeate Flow Permeate
(kPa/m) (Liters/min) Concentration
t (ppm)
Example I 18.1 0.0292 6.26
Comparative Example I  79.9 0.0221 6.81
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Velocity (cm/ s ) 5 Exanple VI and Conparative Exanple VIl The feed

spacers of Exanple Il and Conparative Exanple | were run in the presence
of 100 ppwoNa@p2scn the 914 mmlong flat cell. The ori ent atcarusos/1foeed
spacers in the flat cell was the sane as described previously. Using

Fi | mfecTM NF90 nenbrane, performance properties (flux, salt passage, and
pr ess urkxatipde VIlwerdeComparatitcedExanenle ¥pr at i ng t he system at 10 140 kPa and a
superficial feed velocity of 32 cmsec. This data is provided in Table 111,
and it shovEour Bpitaltwiemdedennsits SomBxanpld B dheselugingithdfeed apaser o0Fample
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Exanpl e nparatrve Exanp Four spiral wound el enments_from
Exarp| efol/NFRi0o464 slengntshef CapphrativecBxanyfle Slawere dhen testad veith sareetpplisd r un

i i ‘with 100 C. Th [ .i t . .
1ot GresHR SRS APEOw It ety S B efeptinst R bk e it e Ay
liters Rei sPAdHkow BxRrablb Q/Hfueé\'!f&(z&eéh@ﬂ@d@p,eﬁﬁﬂft sndofaliCodspipieat Thwerdcaniepl e VI

were then tested with sane ‘applie pressure and concentrate flow rate:
Resul t spriessuladiiop way thesunehedresive dyetorallfaveelempents in $&ichew feed spacer show
favorabl e val ues for pressure drop, flow and salt passage. The recorded
pressur®ade bp was the summed val ue due to all four elenments in series.

Table IV El enent type Pressure drop Perneate flow Salt Pass )
(Li ter sTHlRent Tandard NF270- #RAGura BfopS 1 Berhdeatcll@mensalt Pedegeni th f eed
spacer of Exanple | 33.6 15 11 10(d3) WO 03/ 098 ets/mj USOB4)L1084 What is

¢l al et T d NF270-4040 106.8 13 14
Elements made with feed spacer of
Example I ' ‘ 33.6 15 11
10 ‘ '
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1. An inproved spiral wound el ement having: a central collection tube
defining an axis and having a plurality of openings along its length to
recei ve pepomaadmsy25 at |east one filtration envel ope extemdiriisoputosar dl y
from and wound about said tube, said filtration envel ope conprising two
sheets of nmenbrane and a perneate carrier sheet sandw ched between said
sheet s dYhatimglpimedisisai d pernmeate carrier sheet being in direct fluid
comuni cation with said openings of said collection tube; at |east one feed
spacer sheet Iwoundimipguovesisipitacwoinsbelerentthabieg: sai d feed 10 spacer sheet
being in planar contact wwth the outer surface of at |east one filtration
envel ope; wherei i dehtral ogileotiemarhe definitigearnatiennd ddving a platalisyiofl opersngs
spacer sheet is net c,orrgri sing a first set of substantially parallel
filamen ngﬁ'@é%lﬁlwlieﬁm&e TESAW: set of substantially parallel filanents to
forma plurality of parallel ograns having an acute angle I|ess than_ 70,
sai dnet ori ent ed agast epafiltsationrenveliope exiengdingQuiwardly &oghgné wogind about
appr oxi e CLs i ..and
whor o noad e, S RREAConyblhab BBl g B L BbrahP b pbiighe BTy
spiral \sheondasdveioked betiveeh ahid sheellesfemembinaef sxid pepmeate calnee shdwd dearg in

aver age thickness | ess than, 1 and the fjr and second set of filaments
have st idRet tjﬁgrggmtl%gltéé%ﬁmggﬂoﬁsqéﬁcg%ah@ » 20 3. The spiral
wound el enment of claim2 wherein said Par al | el ograns have an _acute angle

|l ess than 60 and ghilershene Hersl spaser shegt mrouadiabgut prid peHediongtubgt eaid (f

1.3 4. The.,spj n I . cl ai | NasSal ral ans
navdan PHSC PRk e 1 8t SRRk s b Fosta b s R BRI kL R8E:
araneter greater than 1.4. 5 The spiral wound el emen f claibm.3 wherein
ol 0 het | has. a nacHISHEn e sens B hgpteized i Balieef sobr IR ARE] o
the axi gobrisidzda okl 86t bPRubdRRiall§- pabhlee] SHlamhtsWereEsdd etvetie N tse@dndc ket 6F 1
wherein the. el enent has a pressure gradient in the axial direction of |ess
t han 10 silmgantially oaradish filareentsita form & ppwsality faaralislegsams havipg gn psuiey anglos wo

03/ 092872 P . . i.fal: .0 f ' in the
ei eront (st 7y Boid G Priured JfetS lof Tt YRR SR op oAl o HRLELE

Wi thsa pdfalehat @6 akiest the dedtrdd @bHeltiow tilge, ané setierdin sgifl ndbRakPatrdrillththnixsd ) .

8. The spiral wound el epent of claim7 wherein the el ement has an average
flux 5 pgfamgter gseater thanlAp/ hr when operated at 25C with a pure water feed

and a net-driving pressure )
The spiral wound element of claim 1 wherein the feed spacer sheet has an

average thickness less than 1 mm and the first and second set of filaments have strand

spacing values between and 1 mm and 5 mm.

20 3. The spiral wound element of claim 2 wherein said parallelograms have an

acute angle less than 60" and said net has a strand thinning parameter greater than 1.35.

- 4. The spiral wound element of claim 3 wherein said parallelograms have an

acute angle less than 55° and said net has a strand thinning parameter greater than 1.4.

5. The spiral wound element of claim 3 wherein said net has a machine direction

25  that is approximately orthogonal to the axis of said collection tube.

6. Thé spiral wound element of claim 1 wherein the element has a pressure
gradieﬁt in the axial direction of less than 10 kPa/m when operated with a superficial velocity
0f 0.15 m/s, -
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of 350 kPa (51.0 psi). 9. An inproved spiral wound el enent having: a
central collection tube with a plurality of openings along its length to
recei ve wermgmpaase 10 at | east one filtration envel ope extremdisagiwst war dl y
from and wound about said tube, said filtration envel ope conprising two
sheets of nmenbrane and a perneate carrier sheet sandw ched between said
sheets of : nembr arII(-Ek;e @&gﬁwamdmmentaﬁ‘rddimrl wherein theicteyndnt hagan exsragel i
comuni catjon wth, said openings sai,d col |l ection, tupe; . L. east one
feed spiableagndim mumensﬂm&te@%ﬁ Qgt’g Ve PR Y a(ferttg%gn%aa{l%}- PSS acer
sheet Ql%ggki)ggﬁl_@g%. contact with the outer surface of at |east one
;llératlon en\é ope;” wherein the inprovenent is characterized in that said
eed spacer eetrwl S 1S a4 e Q) 0 al | el
filanments crgcsissecir Wi ?ﬁag$é%%€n lglzetd}%%%%ls’{ g’?ll%ﬁea 3?%%@%??%?% ?‘iaééér%enit?%{ to

f or m a grlatifeadti 6sy1/mlhpahal dpragt ards Cwtida perde weder fegd andsa netrdfivingdhipressung

par amet er 8reater than 1.6. 20 10. The spiral wound el enent of claim?9
wher ei PISAP&PA&IL-Q88)-a strand thinni ng ‘parameter greater than 1.8. 25

9. An improved spiral wound element having:

a central collection tube with a plurality of openings along its length to receive

permeate;
10 at least one filtration envelope extending outwardly from and wound about
said tube, said filtration envelope comprising two sheets of membrane and a permeate carrier

sheet sandwiched between said sheets of membrane; said permeate carrier sheet being in

direct fluid communication with said openings of said collection tube; -

at least one feed spacer sheet wound about said collection ‘tube, said feed

15  spacer sheet being in planar contact with the outer surface of at least one filtration envelope;

wherein the improvement is characterized in that said feed spacer sheet is a net
comprising a first set of substantially parallel filaments crossed with a second set
Subsfantieilly parailel filaments to form a plurality of parallelograms, said net having a strand

thinning parameter greater than 1.6.

20 10.  The spiral wound element of ‘claim 9 wherein said net has a strand- thimﬁﬁg

parameter greater than 1.8.
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